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1 
I u INTRODUCTION 
1.1. General 
In order to design a structure properly the imposed loading must 
be known approximately, or at least judiciously estimated. This is ~rue 
whether those loads are of a static or dynamic nature. However, dynamic loads 
introduce one major additional problem, that of intensity magnification 
generated ·by an interdependence between the natural characteristics of the 
structure and the imposed character of the dynamic forces • 
. One system of dynamic loads of great importance to the structural 
engineer are those imposed by natural earthquake initiated by the sudden re-
lease of potential energy from some focal region within the crust or outer 
mantle of the Earth. Some of this energy is converted into stress waves which 
are propelled in all directions to near and distant pOints on the Earth's 
surface. The waves are modified in their travel by reflection and refraction 
at l~er boundaries and inhomogeneities, and by internal friction. 
The problem for this dissertation is one of studying the influence 
of near surface soil and rock layers on intensity of motion with particular 
regard to structures in the vicinity of strong earthquakes. Pertinent elements 
of seismology, soil dynamics, and structural dynamics are incorporated in the 
study by reason of the interdependent nature of these topics. With a better 
understanding of the dynamic influence of soil and rock formations underlying 
a proposed building the structural engineer should be able .to provide more 
Sa.tisfactorily for this added variable in design; more specifically, he can 
treat the design as that of a. "soil-structure system". 
1.2 Brier Review of Past Related Studies 
Studies of the effects of surficial layers on the intensity of 
earthquake motion have been made primarily by Kanai, Duke, and Gutenberg. 
2 
Kanai, for the most part, has made theore~ical studies, and analyzed micro-
tremors by noting the Fourier amplitude content of small earthquakes; Duke 
has reported on the history of damage suffered durL~g strong earthquake with 
respect to underlying soil; and Gutenberg has investigated sm8ll motion earth-
quake record.s observed at sites covered by various thicknesses of alluvium, 
reporting such quantities as amplitude J predominant period and duration of 
motiono All agree that different soil and rock provide differences in character 
of motiono A detailed but brief description of the methods and tools of exam-
ination used; and the merits of the studies from the engineering point of view 
is presentedo 
* Sezawa and Kanai (1) indicated that free oscillations of surface 
layers having constant elastic modulae could exist theoretically for harmonic 
'Wave ir.put. For short pulses it appeared as though slight resonance might be 
possible for the single layer caseo Later studies (2) included the effect 
of solid viscosity within the single layer and within multiple layers (3)0 
In all cases a vertically travelling sinusoid.al, SH (shear, horizontally 
polarized) wave was treated as the disturbing source. When damping and 
Eultiple laye~s vere introduced , the resonant peak was observed to decreaseo 
To corroborate his theoretical findings Kanai observed small vibra-
tions fro~ earthquakes in the basement and the top story of several four-story 
ouildings (4,5), at depth and at the Earthis surface (6);1 and by observing 
1Ilicrotremors caused by everyda:y noise at different locations (7)0 The method 
~or analyzing these records involyed plotting ratios of the absolute maximum 
amplitude recorded at the top ~loor or at the Earth's surface to the maximum 
amplitude in the basement or at depth versus periodo In this way he hoped 
to show how the ratio became a maximum at the natural site periodo The site 
period was obtained by observation o~ repetitious microtremor waves for various 
* Numbers in parentheses refer to a reference in the Bibliography 0 
.. 
• 
I 
• 
I 
It 
• 
• 
• 
3 
periods within a specified duration of time " That period which appeared 
most frequently within this time range was denoted as the site periodo He 
also described these small eaTthquake records by Fourier analysis in which a 
plot of the amplitude spectrum of each dist1..1rbance is made 0 
In 1957, Kanai (8) published a formula for determination of ampli-
fication factor caused by the effective layero It is to be noted that this 
formula depends solely on the value of site periodo 
'Where u = amplitude of motion at surface 
s 
U
o 
= amplitude of incoming motion below layer 
T = forced vibration period 
T = natural period of site 
o 
O~l = effective damping ratioo 
T2 
o 
This work is interestingJ but there are several questions that arise 
when referring to essentially randomJ strong motion earthquake vibrationso In 
the first place, Fourier amplitudes by themselves indicate little about maxi-
mum structural responseo Phase angle is also necessary for a complete descrip-
tion of the disturbance and consequently maximum response 0 Kanai also admits (8) 
that as Richter magnitude (defined in Chapter V) of the earthquake and/or 
distance increases the Fourier spectra flatten out providing no dnminant 
irequency 0 Finally J in the derivation of the formula mentioned above there 
are some inconsistencies which may be explained by large statistical error 0 
Duke (9) presents the state of empirical knowledge concerning the 
relationship between ground conditions and earthquakeu Damage to st~2ctures 
4 
1s presented in terms of observations in 36 destructive earthquakes. Certain 
patterns of' behavior are noted for several kinds of buildings on generalized 
soil types. Firm ground is much preferred to soft ground fo~ the type of 
structures described, except that strong, rigid buildings may be the exception. 
This latter opinion is attributed to prevailing thought in Japan. He lists 
the codes Which do include some prOVisions for site characteristics, and these 
are reproduced in Table 1. Note in this table that C, the l"ateral force 
seismic coefficient defined by the relation F = CW, can rallge from 0.01 to 
0.30. 
Duke concludes that the type of soil, the type of geologic structure 
and depth of und"e!lying rock, depth and type" of foundation, and features of' 
surface topography, including adjacent buildings, affect the. damage noted. 
Another fact 'Which is always uncontrollable in a s·tudy such as this is a 
proper knovledge of the strength and characteristics of the structures observed. 
The mass of the data collected was. for older wo.od or masonry construction. A 
later article (10) on observations of damage iri Mexico bears out Duke's 
earlier conclusions. However, he noted a difference in opinion concerning 
the resonant period of the Mexico. City basin area. Observations presented 
ranged bet~een 0.5 and 2.5 seconds with the value'of 1.8 seconds appearing 
to be most preferred by the observers. It appears from this study that even 
for a region such as Mexico City which overlies relatively well defined 
l~ers, resonance is not well defined. 
Jacobsen (11) with harmonic vibrations as. the input, studied the 
vibrations of sand in a shaking box.' He found that under these idealized 
conditions frequency-amplitude curves may be expected which, in the range 
)f resonance, ar'e similar to the magnification curves for the damped pendulum. 
This laboratory observation agrees with Kanaiis theoretical and observational 
studies; however, the underlying material was complete~ rigid. 
-~ .. 
5 
Gutenberg (12) investigated small earthquake motions recorded by 
sensitive vibration meters located on various thicknesses of alluvium over-
lying bedrock of various types as well as on graniteo His general conclusions 
were not as definite as those made by Kanai, but similarities exist: 
(1) Duration of strong shaking is increased as thickness of layer 
is increasedo (Agreement with Kanaio) 
(2) Resonant period increases slightly with increasing thicknesso 
(Kanai says period is a function of thicknesso) 
(3) Amplitude increases with thickness in a linear mannero (Kanai 
says amplitude depends also on "lave lengtho) 
(4) Consequently, acceleration can be expected to increas~ in a 
similar mannero (Kanai would not agree since period is also affected by 
thickness 0 ) 
Richter (13) made a detailed study of the IDs Angeles area and con-
structed a seismic microregionalization map; wherein the MOdified Mercalli 
intensity scale is used to show the maximum, reasonably expectable intensity 
during future earthquake 0 It was based on Gutenberg S s work in which depth 
of alluvium is the main parameter 0 Frequency of earthquakes J expected founda-
tion, etc 0) must also be considered for adjusting and normalizing the design} 
insurance rates, etco 
Patterson (14) measured ground periods with the use of an eccentric 
shaker, passing railroad trains} and pile drivers as sources of vibrationo 
He generally noted that resonant periods can occur at several places on a 
vide band frequency spectrumo Resonance was more pronounced on soft or filled 
ground than on hard groundo He also noted different resonant frequencies on 
the two horizontal components normal to one another located at the same siteo 
Further investigation showed a preferential direction for maximum resonance 
6 
with the corresponding minimum occurring at 90 degrees to that directiono 
~crotremors failed to bring out the importance of the various site frequencies 
which the shaker exposedo He concluded, however, that at the sites investi-
gated too many natural ground periods were found to permit the construction of 
a building w:':ose periods would be out of resonance with the ground 0 
:Byerly (15) doubts the merit of using small vibrations to indicate 
the character of motion vmich might occur during a great earthquake 0 Only in 
instances where layering is defined by definite boundaries and substantial 
differences in the rigidity of the overlying versus the underlying rock has 
site period clearly been notedo To study this problem further he established 
a network of stations at different locations in California to record small 
vibrations from small earthquakes 0 They did not provide the large earthquake 
test ~ich is required to examine th~ period influence, but they did resemble 
the type of motion which m~ be expected, he contended 0 A total of 18}636 
observations were made and periods ranging from 001 - 200 seconds vTere 
studiedo The influence of distance and magnitude was also studied and found 
to increase slightly with botho However, the increase with distance was 
attributed to the fact that the distant earthquakes were larger, indicating 
that magnitude alone was the prime parameter governing predominant periodo 
No site periodicity was notedo 
A few summary remarks can be made regarding the methods of analys is 
and results of the above studies concerning site periodicity and dynamic 
amplification factoro 
(1) The method of representing site periodicity by Fourier 
amplitude or frequency content alone without considering phase angle appears 
to be insufficient to define maximum response necessary for structural 
analysis 0 
7 
(2) All of the seismic work relating to site periodicity is limited 
to small vibrations 0 Some indicate doubt as to the existence of a dominant 
site periodo Possibly in a few localities in Japan and in Mexico City there 
are some well defined single l~er instances of a preferred frequency, but 
the size of the disturbances studied raises a question as to what m~ :e 
observed during a large earthquake .. 
(3) In general, the EarthVs crust is very heterogeneous and study 
has indicated that site frequency is dependent on the type and size of vibra-
tion source. There are even instances of preferred direction for resonance .. 
1.3. Approach to the Problem 
There are many factor~ Vhich govern the vibrational intensity at 
points on the Earth f s surface surrounding an earthquake epicentero It is the 
purpose of this dissertation to investigate the influence of one of these, 
surficial layering. First, the more important or at least the more immediately 
definable paraneters are examined which may affect intensity in generalo 
(1) Earthauake Mechanism: Earthquake mechanism is one factor which 
influences the cbaracter of vibrations emanating from the focal region, and 
hence the vibra~io~s at some near, surficial location. If the quake is a 
monopole or explosive in nature, vertical motion at or near the surface should 
exceed horizontal co~ions in amplitude since vertical velocity anisotropy 
tends to bend the rays upward.. As this is not the case, dipole and even 
quadripole eA~l~~tions for mechanism have been advanced in the literatureo 
Thct is, a shearing couple or possibly two shearing couples at right angles 
to one another might represent the release of energy within a strained volumeo 
~+ 1 
J..... S generally held that most earthquakes are caused by the shearing action 
V!;!.ch tokes place along a s:ingle fault surface. If relative motion along the 
fnci t plane is near parallel to the Earth f s surface, most of the energy will 
be exhibited on the horizontal traces as the result of shear ,\-Taves 0 
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(2) Azimuth: If' the mechanism is predominantly that of the dipole, 
azimuth from focal center to observer must be consideredo That is, a structure 
situated on a line with the fault strike should suffer less intense motion 
(because it is in a null plane) than a structure situated on a line perpen-
dicular to the fault surface, both being at the same radial distanceo However, 
from the appearance of intensity charts published by the Uo So Coast and 
Geodetic Survey (16) no preferential directions are indicated 0 This is 
probably due primarily to the fact that secondary sources are initiated as 
soon as the body waves strike the free surface as well as heterogeneityo The 
coarse method now used for defining intensity would not ampli~ this subtle 
effecto 
(3) Energy ~ Size of earthquake, or more connnonly, earthquake 
magnitude seems to be of greatest importanceo Magnitude is controlled probably 
by two major, somewhat associate.i parameters: the extent of faulting and the 
relative movement between adjacent fault surfaceso The extent of faulting will 
primarily control the duration of strong vibrations while the relative movement 
~ control the maximum specifi~ effects of particle vibration at the surface 0 
These t~ parameters are not completely independent of one another as suggested 
earlier since the greater the extent of faulting the greater should be the 
relative amplitude of motiono Bot~ of course, are dependent upon the nature 
of the stress field. 
(4) Distance ~ Intensity is also a function of the distance waves 
oust travel to reach the site 0 Th.e mechanism of attenuation results not only 
fran geooetrical divergence but also from solid frictiono Since frequency 
affects the attenuation the particle vibration history will be altered in 
n=plltude~ form and duration vith increasing distanceo 
3JiiA1 
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(5) Feedback ~ Strong motion accelerograms are aJ1nost always 
recorded in buildings and not in the "free field"o Therefore, the effect of 
energy feedback from structure to ground will alter t.he vibration recorded 
in the basement 0 
(6) Topography~ A sixth factor which will influence the char'3.cter 
of notion is the surrounding topographyo For buildings in a city this 
topography effect might be the result of the energy given back to the ground 
by nearby structures and into the site in questiono The more obvious 
definition of topography, the surrounding hills and depressions; might also add 
their effects in similar fashiono 
(7) Layering~ Finally., the underlying character of the formation 
vill control the intensity at the surface in a number of wayso The question 
arises as to how structural response varies for different underlying ground 
structure. L"1 the following text geologic layering is defined as that 
sedimentar)', residual, or volca~ic material extending from the surface to 
basement or thick crystalline rocko Basement rock or massive crystalline 
rock such as a dense, high velocity limestone regarded to be relatively uni-
form in extent, is therefore defined to be the reference level or reference 
material. 
No~ that the major influencing factors have been distinguished the 
question arises regarding how (7) Layering can be isolated and studiedo Three 
t:lain approaches have been used in the past .to study this problem~ historical 
notes on hov inadequately described structures withstood earthquakes ~nile 
standing on various kinds of soils; mathematical studies of harmonic vibrations 
travelling up and down sharply bounded elastic ana/or visco-elastic media; a~d 
observational studies of small earthquake vibrations and microtremors caused 
by traffic and other disturbanceso In these observational studies 
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the records were examined for Fourier cOIl;tent " ratios of maximum displacement 
versus period, or even simply maximum amplitude ratios. These studies do not 
ensver questions about maximum structural response during strong earthquake. 
The nature of the problem should first be examined. Since buildings 
have natural vibrational periods it is desirable to know if the site 
characteristics are such that certain building periods might be emphasized 
during strong motion earthquake. The fact that certain Fourier frequencies 
might be preferred during small intensity vibrations does not mean necessar~ 
that the same would hold during large intensity motions" nor is it true that 
maximum building response is the same as Fourier amplitude content of' an 
aperiodic source. Crandall (17) has indicated only that the mean square 
response is related to the power spectrum of the input. It also is desirable 
to know the size of the dynamic amplification ratio occurring at a layered 
site to that which might occur at reference level, all other factors being 
equal. If' this factor [called (\DAF,' Jis knO'WIl for each spectral period of 
s -
interest, it should be possible to arrive at expected motions which are 
normalized to the reference level; such information would be of interest in 
design. 
The influence. of: layering is examined in this dissertation by 
analyzing a large number of ~trong, hOri.z.ontal motion earthquake records 
obtained at a fev suitable locations; the records are interpreted by pseudo-
velOCity response sp~ctrum analysis. In this way the effective kinetic 
. energy imposed on theoretical structures having a s~ectrum of natural periods 
may be examined for each earthquake.. If each site is carefully chosen so 
that feedback and topography do not enter the problem) the spectra can be 
individually normalized ~thTespect to maximum particle velocity and 
spectral values a.veraged at each site. It is expected that the ave:raging 
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process will remove any functional influence of earthquake mechanism, azimuth, 
magnitude, and distance since they are essentially statistically randoIDo The 
layering underlying the site is the only constant factor remaining to control 
the spectrum 0 Thus; the spectral influence of site properties should be 
determined 0 
The site dynamic amplification factor is determined by computing 
the maximum particle velocity for a hard rock, reference level site and com-
paring it to the layered site values which have been scaled with regard to 
total. kinetic energy and distanceo 1m. average is then taken for all earth-
quakes recorded at a particular siteo Hence, if the physical and geologic 
structural properties are known for the layered site, physical explanations 
can be made regarding the observationso For this study three layered sites; 
EI Centro, Hollister, and Ferndale) all in California, and two hard rock 
sites, San Francisco, Golden Gate Park, California, and Helena, MDntanaJ were 
considered to represent a broad spectrum of soil conditionso 
In brief, the steps for analysis that were taken involved: 
Reducing all horizontal earthquake accelerog~-ams 
a pseudo-velocity response spectrum form. 
(2) Determining the geological and velocity log of the 
underlying sediments 0 
(3 ) Determining the scaling factor for magnitude 0 
(4) Determining the scaling factor for distance 0 
(5) Normalizing the spectra at layered sites with respect 
to maximum particle veloc i ty . 
(6) Averaging normalized spectra to study site periodicityo 
(7) Computing dynamic amplification factor for every 
earthquake for each site, and averaging 0 
(8) Comparing observation with theory 0 
(9) Summarizing observations about parruneters which may affect 
design in earthquake country. 
(10) Presentation of conclusions regarding~ 
a) Periodic i ty due to layering during strong earth-
quake for the sites investigatedo 
b) :Ma.gni tude and distance scaling factors 0 
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c) ~amic amplification factDrs for sites investigated o 
d) Preparation of earthqua'ke spectra for sites With 
known physical propertieso 
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IIo METHODS OF 'ANALYSIS 
2.lo Relationship Between Response Spectra and Structural Behavior 
It is the intent of this section to show how a complicated structure 
may be analyzed dynamically, and how a max~mum pseudo-velocity response 
spectrum (hereafter referred to only as a response spectrum) becomes the major 
dynamic determinant for the analysis of proposed structural systems 0 
For simplicity a tall building is considered to be a discrete shear 
beamo That is, the struct·ure has floors which are very stiff compared to the 
columns 0 It is further imagined that the distributed mass is lumped at each 
floor level 0 Thus, a complex system such as that depicted in Figo l(a) is 
simplified to the one shown in Figo l(b)o (For structures Whose floors are 
not relatively stiff, the same analytical procedure which follows m~ be 
employed except that section stiffnesses will depend on contributions from 
all members in the structure thereby complicating the analysiso) Note 
Fig& 2(a) and (b) for the following analysis of forces acting on mass number 
oneo 
Subtracting mly from each side gives, 
Let 
"'Where kl ul = (shear)l and so forth. 
Thus, 
m,°u, + k, U, - k,:>u'.) = -m, .... y 
...... ...L .L.. ...... "- '-
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and for the entire system a series of similar . simultaneous equations can be 
written :for each mass. 
From a force concept point of view it m~ be written that: 
m U + k u 
n n n n 
= -m y = P f(T) 
n n 
where the equivalence is given by 
p. = -m. a 
~ ~ max 
[f(T)] = 1, 
max 
and f(T) is the time variation of the forcing function. These equations 
indicate that the vibration of a system is dependent not only on the dis-
turbing motion, but also on the physical characteristics of the structure 0 
MOre specifically, response is determined by the interaction between the 
ground vibration and the modal properties of a multi-degree-of-freedom 
structure. 
Upon examination of the above equations and those which determine 
the free vibration of ~~e system it can be shown that: (1) each mode has its 
own natural f~equen~y of vibration independent of the dist~bance, (2) each 
mode can be co=.z1~ered to be excited ,separately by some part of the dis-
turbance, ar .. d (;) t..~erefore, analysis of the multiple system can be simply 
treated as a ser~e6 of single-degree-of-freedom problems. Three quantities 
are required: the d)~~ic amplification factor] i.eo, ratio of dynamic 
to static quantity, the relative partition of each one of the modes in the 
complicated structural response, and the modal shapes and periods. 
Mathelaatlca1ly the above discussion can be expressed as, 
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(4) 
+ 0 a 0 0 
or more simply, 
For a more complete but somewhat different treatment tile reader is referred to 
Norris, et al (18)0 
In these equations (j) pertains to mode while (i) refers to the 
spring of interest ~~d, 
~ P.A~j)J modal participation factoro L ~~ 
the normalized relative displacement in the jth natural mode 
for the i th spring '\v-hich is a function only of the physical 
properties of the structure~ 
(DAF) (j) == P .it f( 1") sin p . (t-1" )d-r == the dynamic amplification 
. J 0 J 
fa~tor for the system OSCillating in the jth mode, or an 
equivalent single-·degree-of-freedom systEm having an equal 
natural periodo 
2n 
= T. J the natural circular frequency of the jth modeo 
J 
The terms in the above equation can be rearranged so that the physical 
properties of the structure are separated from the induced influence of the 
~und notion~ Recognizing that -a may be removed from inside the summation 
ma.x 
;.i~J Eq. (5) can be rewritten in the following mannero 
The quantity within the brackets; defined ,as the undamped pseudo-velocity 
response of the jth mode (see Eqo (11)); is determined by the period of the 
jth mode and the properties of the ground mot.iono The terms outside the 
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bracket are determined solely by the properties of the structure 0 It is highly 
unlikely that all maximum events would coincid~ precisely in time so that the 
substitution of the maximum value of pseudo-velocity response for the tj~e 
dependent quantity in Eqo (6) is a conservative approach to analysis, always on 
the safe sideo 
Since mechani.cal damping is always present in nature and, therefore, 
in structures which may be considered for analysis.9 its effect also must be 
investigated and included 0 It appears from examination of the more complex 
equations resulting from the added dampiDg terms that couplL~g is introduced 
between the modes of vibration" Therefore; just as in the single-degree-of-
freedom case, modal shapes and periods are not necessarily the same as those 
for the undacped systemo However, if damping is relatively small, coupling is 
ninimizedo ConsequentlYJ the inclusion of damped response of equivalent single-
degree-of-freedom systems in the above equation is reasonable 0 
The solution for determining the oscillation of a simple system 
depicted in Fig. 3 is determined as follows 0 
mX + c(x - y) + k(x - y) = 0 
kt u=x-y 
-here 
n...~ 
Subtracting mY from each side gives, 
u(t) = 
Pd = 
mu +cu + ku = -rriY Cr) 
1 It -{ } -I3p (t-T) 
- --- y ~ e n 
Pd 0 
sin Pd(t--r)d-r, 
2 1 
P (1-13 )"2' - P for small values of t3 0 
n n 
c c f3 =--2mp - c 
n cr 
(7) 
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It m~ be determined further that: 
u 
max 
(8) 
(10) 
The term in the brackets in Eq. (8) and (10) is 'the damped pseudo-velocity 
response, compared to the undamped term 'mentioned earlier, 
PdU ~ max (ll) 
which differs from the true velocity, Eq. (9). 
~e important quantities from the design standpoint are u and 
max 
x . It can be noted from Eqo (8) and (10) that U and x 'are interrelated 
max ' max max 
by the pseudo-velocity from which the dynAmic amplif-icat1on factor m~ be' 
inferred. A plot of pseudo -veloci ty versus period is de,noted as a response 
spectrum, whereas a plot of Eq. (9) versus period is called a velocity spectrum. 
These spectra diverge from one another as Pd gets sm~ or Td gets large. The 
true velocity spectrum converges to the maximum particle velocity, 
whereas Pd u converges to (constant/T) at large values of T. max· 
In this study the response spectrum will be employed as a tool for 
analysis and comparison for several reason. 
(1) A response spectrum is relatively flat compared with displace-
ment or 
tlore easily. 
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(2) Velocity is a better determinant for intensity as is discussed 
in a later section. 
(3) With a four coordinate method of plottingJ (u~ pu, x and T) 
true u and x can be determined from the response spectrumo 
max max 
(4) Pseudo-velocity is the only quantity in Ego (6) determined by 
motion character 0 
A damping factor of ~ = 0005 was used in computation of the earth-
quake response spectra because it approximates the true damping in modern 
structures 0 The introduction of damping serves the second purpose of smoothing 
the spectra thereby better exposing trendso From observation of many spectra 
which have been ccm~uted at the University of Illinois and of those reported 
in the literature, it was decided that the following range of spectral periods 
vas sufficient to give a good spectral coverage while minimizing computer costso 
0020 seco 1 .. 10 seeo 2080 seco 
0.25 1020 2.90 
0030 1030 3000 
0.35 1040 3030 
0040 1050 3.60 
0.45 1.60 3.90 
0050 1.70 4020 
0055 1080 4.50 
0060 1090 4080 
0.65 2.00 5010 
0070 2010 5040 
0.75 2.20 5070 
0080 2030 6.00 
0085 2040 
0~90 2~50 
0095 2060 
1000 2070 
2.2. Reading and Balancing the Accelerograms 
All of the accelerograms studied were balanced, that is the particle 
velocity and displacement were reasonably adjustedJ before the spectra were 
co~puted. This precaution was taken to insure that the spectra are unaffected 
by nccelerograph inaccurac ies 0 An example of how spectra can vary by failure 
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to oake reasonable adjustment of the veloci·ty tra~e is sho"WIl in Fig. 4 and 50 
Figure 4(a) shows the once integrated record of an earthquake recorded at 
Hollister and not balanced 0 Figure 4(b) shows the balanced recordo In Fig. 5 
are sho"WIl the spectra resulting from the corrected and uncorrected records 
vherein differences up to 70 percent can be ~oted in the short period region 
~~d up to 500 percent in the long period regiono 
The strong motion earthquake records were read with the aid of a 
Benson-Lehner x-y reader. With this machine the records may be read to 
an accuracy of 00015 second on the time scale and to 0000025 g on the accelera-
t ion scale. Since the trace is sometimes as much as 00005g thick it was not 
convenient to use the accuracy limits of the machine 0 Rather, the limits used 
vere 0.020 seconds and O.OOlg. 
To test the sensitivity of the response spectrum to reading errors, 
one record ~ read by a person other than the author to tolerances of 0.025 
second and O.002g. The effects of the different reading technique and the 
coarser network on the computed spectra were found to be negligibleo 
All records were integrated with the ILLIAC digital computer and 
balanced using the techniques suggested by Neuman (19) with later discussion 
by lIershberger (20). For some records the accelerograpb did not 'start until 
the arrival of the shear wave. If such were the case, initial conditions would 
be quite important for balancing the rema:inder of the vibration history 
recorded. An impulse was placed at the beginning of the record so that the 
velocity trace oscillated about the .zero null linea This impulse, in effect, 
accounts for the sum of the positive and negative area under the acceleration 
trace before the accelerograph started recordingo Often times the absence or 
r~-t1al absence of the first shear wave caused the spectra to be quite dif-
fe~nt from those computed from records shoving the entire shear wave history. 
For this reason, even the impulse technique of record balancing does .not 
guarantee accurate spectra since the first shear wave often controls many 
spectral maximao 
Du.ring the earthquake the acceleration null line does not always 
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remain strai.g.ltJ but appears t.o jump or wave about; this is discussed in the 
next paragrapho If the acceleration null line is not a constants then the 
velocity trace trends linearly or exponentially and the displacement trace 
trends exponentially up or,doWllo These errors were corrected simply by con-
structing new null lines through the supposed center of velocity points plotted 
for each 0010 second 0 Fine adjustments of the neyT null lines were made by 
noting the necessary corrections for the value of displacemento The displace-
ment trace was not necessarily made to oscillate about the zero null line, 
but was only corrected so that it did vibrate about some line that paralleled 
the zero null line 0 The new displacement null line, called permanent displace~' 
mentJ was often noted to be about one-half of the maximum displacement valueo 
In summary} three corrections were made so that velocity oscillated 
about a zero null line and displacement oscillated reasonably near to the zero 
null line: 
(1) initial impulse 
(2) initial acceleration correction 
(3) acceleration null line correction within the recordo 
The source of the difficulty in the case of the wavering null line 
arises from four probable reasons 0 First, the initial acceleration history 
is unknOWll siIlce the accelerograph does not start recording until some initial 
acceleration value is reached causing a linear error in the velocity traceo 
Second, the reading error may cause some of the velocity trace warpingj however, 
since some records were amazingly smooth after integration, t.his source is 
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thought to be relatively minor except for the low intensity recordso The 
~arping of the integrated velocity trace arises most probably from the photo-
graphic paper wB-~ingo Or, when the film is developed flaws are producedo 
This appears to be one possible explanation for warping which both Neuman and 
Hershberger have notedo Another possible cause for the linear trends on the 
integrated veloei ty curves may result from the pivots of the acceleromet·er 
jumping every so 'often thereby causing acceleration null line to shift 0 
The null line movements can be corrected most easilyo The loss of 
the first part of the acceleration record containing only compressional waves 
is also unimportant since compressional energy from earthquakes is much smaller 
than shear energy 0 t-1a.xirna were never noted to occur in this regiono However, 
loss of even part of the initial shear wave appears to have a significant 
influence on so~e of the computed spectrao In recognition of this fact all 
spectra mentioned later in the text are qualified with regard to velocity 
record appearance in Tables 13 - 160 
2030 Intensitv 0:; l·btion Defined 
The intensity of motion from &~ earthquake has received much attention 
in the literature over a period of many yearso The subjective :r.bdified Mercalli 
scale, 'Which i5 sh~ ... 'n abbreviated in 1:able 2j is used most widely ~ This scale 
is not usable dire:tly for desi.gnj as desi.gn methods and mat.erials get better.9 
and the number of older dvellings diminish, some sections must be revisedo 
Therefore, a nore objective scheme is needed employing quantities with meaning-
ful physical propertieso 
The first attempt at defining structural motion intensity was one 
using maximum particle acceleration as an indexo This seemed reasonable 
since acceleration is proportional to dynamic load, and loads are the input 
used in static designs 0 However, it was noticed from a nummer of test blasts 
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~~corded by Crandell (21) and earthquakes checked by Hershberger (22) that no 
correspondence between acceleration and intensity existedo It was believed 
tbnt tilis resulted from the acceleration being influenced too much by source 
period" For example, if the pulses on a displacement record could be considered 
~ sinusoidal within a discrete region, 
u = A sin wt 
then. 
Wnen T was short, accelerations were too high for intensities notedo Crandell 
found that intensity was better judged by (A2/T3) which is nearly propor-
max 
tional to maximum kinetic energy 0 By way of another approach, Gutenberg and 
In aco~stics the intensity is defined as the energy density or power 
which flows across a unit surface areao That is, 
I = 2~2 pV [~J 2 
o s T 
where I = acoustical intensity 0 
p = density of ground 
V = velocity of shear wave s 
A = ground amplitude 
T = ground period 
In this case V
max 
ex:: (A/T)max is a proper measure of the square root of maximum 
intensity" 
It is also known in acoustics that the ear is the sound receiver 
having definite mechanical impedance propertieso To counteract these 
properties and provide a flat sound spectrum, certain periods must be boosted 
Or reduced in ~ower to match output with responseo A similar interdependency 
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cxis:,s between the earthquake source and the structure receiver as -discussed 
earliero A new definition of intensity can be described which includes the 
old, Eqo (l2)J plus a mechanical impEdance factor (~)o 
where 
I I = x Mechanical 0 
I = [2n2pvs ] [~y · 
A = structure amplitude 
s 
1 
Impedance 
2rL A IT 
s 
p1p(2 A 
? T-
In this equation intensity is measured directly by the particle velocity in 
the wave times the amplitude of the structure, which is dependent on the 
characteristics of the forced vibration and the properties of the structureo 
In structural G.Ilalysis maximum values) io eo, I CC [-TAl cC. V :; are con-
max max 
ax 
sidered pertinento Therefore:; maximum particle velocity.'! vlhich affects the 
intensity experienced by any structure as can be noted from Eqo (13)J is a 
proper deterni.."1ant of intensity c-
Another measure of intensity has been suggested by Housner (24) 
vherein the ~ea under the pseudo-velocity spectrum is computed between 
signific~~t periodso 
-where s 
v,f) = Housneris notation for da.mped pseudo-velocity at a given periodo 
(14) 
At first glance this definition appears to be exact since}in effect, it in-
corporates all of Eqo (13) over a range of periods into the description of 
intensity 0 One drawback is that an interdependency between periods is created 0 
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~.at is, tile periods which are highly amplified control intensity for the 
~0~~ part. Erroneous indications concerning the intensity of slightly amplified 
;.,~!"iod.s would resul to Therefore) maximum velocity should be a more stable 
---_. - ... -_ ....... ---. 
ccf1nition. 
So~e investigators prefer the undamped spectrum as the intensity 
c.ctcrminan~ since they claim duration of motion plays as large a part in de-
t.ernining intensity as peak values of accelerations 0 This seems incorrect 
since structures and even human beings have a certain built-in damping which) 
since it exists in nature) must be properly included in analysis 0 
A third method for the determination of intensity is proposed \ftlich 
poses probably the least room for error, the center of gravity of spectral 
points 0 
""here v = the center of gravity of spectral pseudo -velocity values 
within a period rangeo 
~ = weighting factDr for each spectral valueo 
VT = pseudo-velocity for period To 
Wi th this method for the determination of intensity J regions containing a 
predoninance of long or short period structures can be intensity-adjusted by 
adjusting the ~ weighing factors to correspond to the structural period 
population 0 In this study the m g s were assumed to be of equal value so that V 
L~co~es proportional to Housner intensityo 
In summary) there are three methods which are considered for eValuat-
L"..g nnd comparing intensity valueso 
(1) V of the ground 0 
max 
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In a later section distance from source to site and earthquake magni-
tude are considered in an attempt to scale intensity for the determination of 
site dynamic amplification factor 0 Each of the above measures are considered 
and results comparedo The data accumulated for each earthquake are presented 
in Tables 3 to 6, and epicentral locations are noted in Figso 6, 7, 8, and 90 
1110 THE THEORY OF RESONANCE FOR LAYERED SYS~ 
3. 1. General 
Before examining the criteria for resonance conditio~s of a lqyered j 
elastic system it is best to simplifY the p~oblem within the limits of physical 
reality. Since earthquakes release primarily shear energy (discussed later in 
Chapter V) as a result of mechanism, only the shear motion need be studied., 
Further, since vertical velocity anisotropy causes rays describing the directio~ 
of travel of the stress waves to bend upward toward the surface, the particle 
motion of the shear waves is chiefly in the horizontal plane., This limits the 
study to one in 'Which only SH energy passing up to the surface and interacting 
\lith the surface layers is considered. Some of the energy is absorbed by 
internal friction or scattering during the interval of interaction and the 
remainder is finally reflected back into the Earth's interior., 
3.20 Theory of Resonance for Layered Systems Having Constant Elastic 
Properties 
The material at the Earth is surface is far from being homogeneous or 
isotropic; however, since sedimentary l~ers are formed by gravity settlement 
the modulae defining the physical properties of these materials can generally 
be regarded to be horizontally invarianto For this reason a study of plane SH 
vaves travelling upward and through a vertically stratified) semi-infinite 
ITIedium has a physical bearing on the problem. 
It is convenient to consider the source to be composed of a spectrum 
of continuous harmonic waves not only because of solution ease, but also 
because any transient m~ be trans~or.med by Fourier analysis into an equivalent 
period spectrum. Decomposition of' the transient at the base of the layered 
vyste~ into its spectral components and reconstruction by addition of the 
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ood1fied spectral amplitudes at the surface is valid for elastic systemsD Even 
if solid friction or viscosity enter the problem, solution is possibleo 
The first case to be examined is that of the single surface layer, 
described in Figo 10, subjected to plane SH waves. Two simultaneous, linear 
partial differential equations and three boundary conditions must be satisfiedo 
and 
were 
0 
CJul 
1"1 = = G1 dz , 
T1 = 1"2 ' 
~ 
G1 ~= 
G 02u 
n n 
---
Pn oz2 
at z = 0 
CJu2 
G2 0 z , 
, 
u = horizontal particle displacement 
n 
G = rigidity 
n 
P
n 
= density 
n = designates the medium, 1 and 2 
T = shear stress 
z = vertical cartesian coordinate 
v2 = G /p 
n n n 
A solution of the equation is, 
(16) 
at z = H (17) 
at z = H 
(18) 
~nere A represents the amplitude of waves travelling in the negative z-direction 
in medium one, B the amplitude of the waves travelling in the positive z-
direction in medium one, C the amplitude of waves travelling in the positive 
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z-direction in medium two, and one (1), the amplitude of the incoming signal 
from below. Excluding the doubling factor caused by reflection at the free 
surface, the layering dynamic amplification factor becomes. 
[ 
2 2 ]-! (DAF)s = 1 + (R 12 - 1) sin (PH/VI) (20) 
were 
Resonance occurs when Sin2 (PH/Vl ) is a maximum, that is, equal to one, and 
(PH/VI) is equal to m~/2. 
were 
4H Tr - -
mV ' 1 
T = resonant period. 
r 
m = 1,3,5 ••• 
Upon plotting (DAF)s versus (PH/VI) it is determined that the 
(2l) 
resonant period is amplified rather sharply, Whereas the displacement at a 
majority of the periods would not be greatly amplified. Another observation 
concerns the input spectrum. If it is flat, the newly c~nstructed spectrum 
at the surface vill resemble the (DAF) spectrum computed from Eq. (20). If 
s 
the input spectrum is not flat, it will be altered by multiples of the (DAF) 
s 
spectrum, but vill not necessarily resemble it. 
If a second layer is included in the problem, n = 1,2, and 3, and 
the (DAF) beco::le s, 
6 
(DAF)s ~ [cos2e1 cos2e2 
+ 2(R23~3 - ~2)sinelcoselsine2cosa2 
222 222 
+ R12 slJ:l a1 sin 8 2 + R23 cos alsin 8 2 
1 
2 2 J-2 
+ Ri3 sin alcos .8 2 
vhere pHI pH2 e I ~ V 1 and e 2 = V 2 
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A simple relationship between (DAF)s and p does not exist because of the added 
influences of' H2 , P2.9 and V 20 The amplitudes at all the periods are increased, 
but the peaks are reduced in comparison to the layer case by various amounts", 
In special instances the peak approaches the maximum single layer value with 
the sacrifice of amplitude at other periodso In other cases the (DAF)s] 
1 max 
is flattend and approaches (1/R13 )2 for most of the spectral periodso A 
second observation is that the natural period of the topmost layer (4Hl /Vsl ) 
is always amplified the mosto The natural periods determined by the lower 
bo1.U1daries of the lU1derlying layers and the surface are successively less 
accentuated 0 With the presence of damping, and/or a third, fourth, etco, 
layer the maximum amplif'ication factor is flat for almost all combinations of 
l~er thickness and velocity valueso If a maximum is present, it appears at 
the period determined by (4Hl /Vsl ) for the topmost layer. 
Another way to treat the problem of transient vibrations is to 
consider them to be composed of a series of half sine waves, each hav'ing a 
different periodo In this case Kanai (25) has shown that if n equals the 
number of half sine waves travelling upward from the earthquakej the maximum 
amplification factor for a single layer is, 
(1 R_)n 
(DAF) 1 =....L [1 - --l2 J 
s ax ~2 (1 + ~2)n 
For n = 1, (DAF) 6 L is always less than 2. 
3-30 Elastic Waves Travelling in Media Having Continuously Varying Properties 
The Earth I s crust may be considered to have elastic properties '¥lhich 
increase continuously with depth" 'Ihe larger the wave length of the dis-
turbnnce, the more probable is this concept of the Earthts crustw 
~·'1'·iti'ie"·'~~-
Upon further examination to determine the plausibility of this sup-
position the work of Clewell and Simon (26) was consultedo They investigated 
why tbe seismic reflection method of layer mapping was not applicable when 
frequencies of compressional waves are lower than 20 cycles per second or 
greater than 100 cycles per second (Comparable shear wave frequency limits 
would be 7 and 33 cycles per second)o It was concluded that, in effectJ since 
layers in a formation are relatively thin the long wave lengths in the 
spectrum of the transient signal are transmitted) never to return) and the 
short wave lengths are absorbed or dispersedo The Earth: s crustal layers thus 
act as a band pass filtero 
The same phenomenon can be examined for earthquake waves travelling 
up through a layered mediumo Using the equation developed by Clewell and 
Simon for plane waves, 
where A = reflected amplitude 
r 
Ao = initial amplitude 
H = layer thickness 
A c: .... avelength 
5 = logarithmic decrement of material 
(24) 
Figures 11 and 12, \-Thich map the equation, were prepared to depict the effect 
of the vavelength on reflected and transmitted energyo It can be noted from 
Fig. 11 that for any layer thickness the reflection coefficient is a maximum 
\lithin some vravelength bando Ho'wever, it can also be seen in Figo 12 that 
~~e ratio of the transmitted amplitude to reflected amplitude increases as 
~avclength increases 0 
'c.. .. ~ -:.~'W""""'~'.'--'-
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Earthquakes of significant size manifest periods which can range 
f~~ 0.3 to 3 seconds. If the velocity of SH waves, for example, ranges be-
t. .. -een 3000 to 4000 feet per second in a competant sandstone, the wavelengths 
can range from 900 to 12,000 feet. From Fig. 12 it can be noted that in this 
\r8.velength:-:-egion ratios of transmitted amplitude to reflected amplitude are 
quite large, especially for the thinner layers. 
This discussion leads to the conclusion that a rock column extending 
from the surface to the hypocenter (probably 10 miles average depth) may be 
treated as an elastic system having continuous properties which increase with 
depth. This idea seems valid both from the standpoint that wavelengths of 
strong earthquakes are long enough so that internal reflection does not cause 
large dissipation, and that pore space decreases with increasing overburden 
pressure thereby increasing elastic modulae and consequently veloCity. 
Sezawa and Kallai (27) in 1935 solved the equation necessary to 
describe a continuous system. It was found that if 
is substituted into 
and since 
the modal equation becomes, 
n G = Kz 1 
u = Z(z) T(t) 
If n = 1, and if the form of the wave input at the hypothetical hypoce~ter is 
~~e surne as Eq. (19), where V2 is assumed to be constant below the h)~6center 
or SOme reference level, the displacement in the variant medium is, 
ipt 
e 
'Where H(l) and H(2) are Hankel functions. The resulting (DAF) is quite 
o 0 s 
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involved and will not be presented here; however, it is generally found that 
1 
(DAF)s = (G2/Gl)~' for A. < H 
It is of interest to compare the dynamic amplification factor equa-
tions derived by the resonance theory and those derived from the assumption 
01' a linearly variant elastic medium with energy criteria; this is done in 
the next section. 
3.4. Comparison of Dynamic Amplification Factor with Energy Requirements 
It may be supposed that a series of transient stress waves having a 
certain equivalent Fourier spectrum are emitted from a point source in a 
semi-infinite elastic medium. The particle displacement amplitude of these 
1.1aves diminishes at the rate of llr, but at equidistant points the energies 
crossing a boundary per unit area are equal and therefore independent of the 
properties of the material in which they are progressing. The energy in one 
~avelength per unit area is 
2 
E/unlt area = 2'(2 PV L 
s T 
And, if energy is constant ~or this ~ave of specified period, 
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From the above, the amplification factor of a wave travelling in two 
~~jin having different properties is equal to the inverse ratio of the square 
root of the impedances. Comparing this finding with the single layer resonance 
case it is found that, 
A~J at T. = 1 2 mm 
Substituting into Eg. (31) the energy for 1]. at Tmax, El (P2V2/PIV1)E2" The 
energy in the amplified period is greater than that in the lower medium by a 
factor of P2V2/P1Vl . However, the periods that are not amplified lose energy. 
Tnat is, the energy for ~ at Tmin, El = (P1Vl/P2V2)E2. 'llierefore, the 
~plified periods get the added energy from those periods which are less 
~lified upon reflection at the surface. Energy for the spectrum of fre-
quencies is conserved if the average (DAF)s from 0 ~ PH/Vl ~ 21C is equal to 
1-(P2V!PIVl)~ . 
For the case of the linearly variant layer it is found that, 
since PI in most cases is not much different than P2• In this example energy 
for every period is conserved, since, 
2,,2 
A2 
E2 
2 
= P2V2 T 2 
El 21(2 
~ 
= P1Vl T 
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bat, 
~ 
-= A~ 
therefore, 
and 
Thus, the dynamic amplification factor for a material having elastic 
1 
properties which vary linearly with depth should be equal to (P2V2/PIV1)2 for 
all frequencies having wavelengths less than H, and the average dynamic ampli-
fication factor for a layered elastic system should also be equal to 
Comparison of observation with this theory is made in Chapter 'T'TT V.L. 
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rl. DYNAMIC SITE CHARACTERISTICS 
4.1. General 
Seven parameters were listed earlier in Chapter. I as potential 
influences in earthquake intensity. Four of these, mechanism, azimuth, IDRgni-
tude, and distance, might be considered as general or common elements. The 
remaining three, topography, feedback, and layering, can be regarded as local 
factors. The local factors which may influence earthquake action at the sites 
chosen for study are examined in this chapter. 
The U.S. Coast and Geodetic Survey strong motion earthquake records 
used in this stu~ were recorded at the sites listed below. The structure and 
location of the accelerograph in the structure is listed in as much detail as 
is available (16). 
(1) Eureka, California: Eureka is located in northern California 
and has a population of about 28,000. The accelerograph is located in the base-
ment of a brick and stone building 'Which is tied with reinforced concrete girders. 
The structure is three stories high and 95 x 68 feet iJ? plan. 
(2) Fernde.le, California: Ferndale is located about 120 miles north 
of San Francisco a..'1d has a population of less than 2,500. The acce1erograph is 
located on the gro'.l!1d floor of a tvro -story frame structure 70 x 30 feet 'Which 
rests on spread footings. 
(3) El Centro, California: El Centro is located just north of the 
Mexican border and has a population of 17,700. The acce1erograph is located 
on the first floor of a t~-story massive concrete, heavily reinforced structure 
60 x 80 feet in plan. 
(4) Hollister, California: Hollister is a small town of 4,900 
people located about 100 miles south of San Francisco. The acce1erograph is 
located on the first floor of the public library, a tyro-story structure. 
(5) Helena, Montana: The to'WIl has a population of 17,600. The 
accelerograph is located in the basement of a four-story structure having a 
steel frame and concrete columns. The base of the building is granite and the 
facing is sandstone. 
(6) San Francisco, California: This accelerograph is located in the 
middle of Golden Gate Park with no tall buildings within about one mile. The 
structure is a small shack 11 1/2 x 11 1/2 x 6 1/2 feet used to house electrical 
equipment for an illuminated waterfall. 
(7) Olympia, Washington: The population is 15,800. The accelero-
graph is located on the first floor of an undescribed building. Since the to"WIl 
is small, however, it is probable that the building also is small. 
It will be noted that the accelerographs are located in either short 
ana.! or rigid structures. Considering then as a rule of thumb that each story 
adds about 0.1 second to the natural period) all f'undamental periods should 
be below 0.2 or 0.3 second. Spectral periods longer than this should not be 
affected by feedback. All structures "Were located in either small to"WllS or, 
in the case of San Francisco, the accelerograph is located in a section remote 
:from any tall structures. From this it is reasoned that topography should not 
influence site characteristics. All of the structures "Were dissimilar in 
massiveness, and the Helena and Eureka accelerographs were located in basementso 
~ese differences should not affect periodicity) but may affect (DAF). This 
. s 
is discussed later in Chapter VI. 
Since layering will be the main parameter influencing site 
characteristics a general discussion of the qynamic properties of soil and rock 
is presented. With this as a guide the methods used for describing the site 
logs may be appreciated more fully. 
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4.2. Dynamic Physical Characteristics of Soil and Rock 
Soil is herein regarded as uncemented earthen material whereas the 
constituent grains in rock are thought of as bonded by cement or inter-
crystalline forces. The geophysicist vould regard soil as that material which 
constitutes the weathered layer) the bottom of 'Which is untouched by we;·.thering 
processes. For this problem the weathered layer boundary would probably be a 
good estimate of the bottom of the soil layer since one of the characteristics 
of a boundary is a velocity change. As the reader will recall) velocity, 
density) thickness) and internal damping are the major criteria controlling 
site resonance. 
4.2.1. Velocity 
In order to theoretically determine the nature of stress wave 
velocity) attenuation) and other quantities the equation of state of the medium 
must be lmO'WIl. This can best be determined by considering the following 
:properties: 
(1) modulus of the solid constituents 
(2) modulus of the frame Which is built of the solids 
(3) modulus of the pore filler 
(4) density of the solid) frame) and pore filler 
Ir\ b 1 \ ") J frame texture or more commonly) permea i i ty 
(6) type and degree of cementation 
(7) average coefficient of friction of the solids 
It is obvious that this problem is quite. complex, but a few simplified 
approaches have been made by Gassmann (28L White and Sengbush (29)) and 
Patterson (30) J all of whom assumed simple spheres of quartz making up the solid 
frame and air or 'Water as the pore filler. Velocities for the P (compressional) 
and S (shear) waves for a cubic array have been determined to be: 
Vp = [31/ 2 E1/3 gl/~2l/6 ~l/3 p;/3(1_v2)l/3] zl/6 
Vs = [3112 E1/3 gl/~1/6 ~1/3 p;/3(1_V2)l/3] [31/ 2 ~l/2(1-V)1/2/4J zl/6 
(34) 
~"--' 
v'.H~1""e V = compressional wave velocity p 
V = shear wave velocity s 
E = Young's modulus of the solid 
g = acceleration of gravity 
z -= depth 
p = density of the solid s 
v = Poisson's ratio of the solid 
For example, if 
v = 0.25 
It can be determined that 
v Iv = 1.50 p s 
For saturated material, assuming the liquid to move with the solid, 
V and V become p s 
'Where 
V (sat) = p 
V (sat) 
s 
~(~76) (1 - n!6) B + B s 1 
B = bulk modulus of solid 
s 
B 1 = bulk modulus of liquid 
PI = density of liquid 
These equations are not exact since the velocity of the frame and 
pore filler generally are different and frictional properties at the inter-
grnnular contacts are ignored. This means that decoupling properties are not 
included. The approximate equations do give estimates which agree reasonably 
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,tell with observations in pure sands) however. The shear wave equation. above 
does not account for differences which have been noted to occur between SH 
and SV velocities because of laminations in soils introduced by gravity 
settlement (31,32). In such soils and rock SH velocity is about 50 percent 
lower than SV velocity. In light of this explanation and since SH velocity is 
of primar,y interest to the problem V will represent SH velocity for the rest 
s 
of the paper. 
One notable fact shown in the equations is that velocity increases 
as zl/6 Which agrees with Faust's observations of in situ material to follow. 
Also, it can be noted that shear wave velocities are slower in water soaked, 
uncemented material from Eq. (36). 
V (sat) = 0.795 V (dry) = 690z1/ 6 rt/sec 
s s 
V (dry) = 1302zl / 6 ftl sec p 
870zl/6 ftl sec V (dry) = 
s 
These values were computed for a material having the following properties) 
E = 1.13 x 107 psi 
P 2.65 9.34 x 10-5 lb. 2/ 4 = x sec in s 
P.l = 1.00 x 9.34 x 10 -5 lb. 2/. 4 sec l.D. 
v = 0.25 
However, since saturation also reduces E, if clay or small quantites of 
moisture are present in real soils, the above equation should be an upper 
limit to V (sat). 
s 
(38) 
The problem of velocity determination has been examined empirically 
by many others .merein velocity is considered to be a general function of 
rigidity and density only, these properties varying with age, depth of over-
burden, and lithology. That is: 
"Where G c f(T, z,L) 
p c geT, z,L) 
T = age 
z = depth 
L :: lithology (i.e. texture, grain size distribution, etc.) 
Faust (33) has found from the examina.tion of over one million feet of 
velocity logs that Velocity in rocks varies as 
v = 125.3 (ZT)1/~ p 
40 
(40) 
where z 1s in feet and T is in years. 'lb convert to values of V , V is to 
s P 
be divided by 1.5 (this factor was derived from the earlier example in w.hich 
v is assumed equal to 0.25), and by 2 (this factor vas derived from Jolly's (32) 
theory of laminations) for a total of 3.0. A more exact equation for V vas p 
later derived by Faust (34) Ylhich included the effects of lithology defined 
by the electrical resistivity. 
(41) 
where p = porosity 
m = degree of cementation 
Rt c true resistivity of sample in ohm em. ~/ em. 2; R = resistivi ty of vater in sample in ohm em. em. 
'W 
Again, by statistical analysis of a prodigious number of feet of ~ll logs he 
determined veloc i ty vi thin ± 10 to 15 percent to be 
were 
Note that if m is zero and R := 1, Eq;; (42) closely approximates Eq. (38) 
'W 
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derived by theory. This observation indicates that time does affect the t~ 
variables} porosity and degree of cementation. If' Rt is unkno'WIl the average 
value of the lithologic parameter can be used. 
L(average) = 7.1 x 10-8 
The time scale 'Which can be used with these formulas is described in TE~le 7. 
The value of 106 years is probably the limit of extrapolation for 
time since Faust only 'WOrked with materials older than 26 x 106 years. The 
theoretical granular equation, Eq. (38) and Faust's empirical equation, 
Eg. (40) are equal if T = 1.25 x 106 years. 
In this report one-half of V (dry) in Eq. (38) is used to describe 
"s 
V for granular, unsaturated soils, if knO"WD. to be such. For rocks of specified 
s 
age, 33 percent of Eq. (40) is employed. 
in which P
s 
is assumed to be 2.65 x Pl -
4.2.2. Density 
Saturated V is computed from Eg. (36) 
s 
The impedance also depends on density 'Which varies with the 
history of the material. It is found, ho~ver, that the range of variation of 
specific density between extremities is small. In general, for rocks and soils 
1 < P < 3. Birch (34) indicates from the study of many samples of soil, sand-
stones, shales, and limestones that the porosity is a linear function of 
density and has a very limited deviation. If one" carries the curves to zero 
porosity it is found that the density of solids is approximately 2.65. Table 8 
gives a representative cross section for soils and their rock counterparts. 
Density varies in the same way as velocity. That is, it is affected 
by the confining pressure and therefore the depth, and the porosity. It also 
depends on the degree of cementation as does the velocity, and it is likely 
that there is some relationship between density and velocity for arenaceous 
materials. 
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In summary, it is intended here to indicate that density variations 
nrc relatively quite small from material to material. Probably for soils a 
representative value of specific density would be 1.7. For sedimentary rock 
a value of 2.35 and for igneouc or metamorphic rock 2.65 might be representative. 
4.2.3. Attenuation 
For small vibrations solids behave essentially like elastic 
bodies. Perfectly elastic solids are a subject of an extensive theory, Which 
is confirmed by experiment when the strains are small. When the strains be-
come large substances behave in a manner different from that assumed in the 
small deformation theory. 
It is known that plane stress waves travelling through any physical 
medium are attenuated by various amounts as they pass through the Earth. 
Therefore, the medium must extract energy from the wave. The amount of energy 
loss per unit distance of travel will, generally, be different for different 
media; the mechanism also will be different. 
Even though the nature of the losses in a particular material may 
be unknown, the plane stress wave travelliIlg through any continuous attenua-
ting medito cust decrease exponentially with distance. 
A Ae -ax = 
x 0 
1 A a= ln~ 
and 
x A 
X 
therefore, • 5 = ax 
0 ac = f and if x = A, 
-of -Jtf 
--x --x 
A = Ae c = A e Qc 
x 0 0 
(44) 
Finally, 
mere A = amplitude of wave at any 'reference point o 
A = amplitude at distance x from reference point 
x 
a = attenuation factor 
c = wave velocity 
f = frequency 
l/Q = dissipation function 
A. = wave length 
5 = logarithmic decrement = ~/Q 
The main problem, therefore, in determining the attenuation properties of 
earthen materials is simply evaluating the loss factor o. 
By making the assumption that the losses are viscous (i.eo~ propor-
tional to particle velocity) an expression for the attenuation factor can be 
simply derived. Due to this simplicity there are a number of theoretical 
treatments in the literature using this assumption, Which is made simply for 
nathematical convenience with no mechanism theory. However, as early as 1890 
Kelvin performed some experiments on the torsional vibration of steel rods 
and showed that the results were not in accord with visco-elastic theory. It 
has since been learned that the losses of a number of solid materials are not 
-viscous in nature but are entirely of a different type which is generally 
called solid friction (ioe., propertional to strain). 
Born (35) in some of the earliest investigations on earthen materials 
studied bars of shale, limestone, and sandstone of lengths up to six feet. For 
dry samples the attenuation was proportional to frequency. For wet cores an 
additional mechanism of attenuation vas noted such that the exponent appeared 
to be the sum of two terms, one proportional to frequency and one proportional 
to the square of the frequency. Therefore, the presence of moisture apparently 
jnL~duces a viscous effect. 
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Birch (34) reports that the mechanism of internal friction in single 
crystals probably involves plastic flow and strain hardening even for very 
small strainse For polycrystalline material internal energy absorption results 
frem (1) loss within individual crystals" (2) losses at the surface of crystals" 
(3) viscous losses due to pore filler and grain interaction, and (4) thermal 
currents arising from microscopic stress inhomogeneities which in turn result 
from impurities" cavities" and crystal anisotropy. In rocks it is found that 
When pore s~ace is decreased by compression" dissipation is decreased. 
Table 9 presents a summary of the important information on experi-
mental values of attenuation for various earth materials 0 For competant rock 
whose pore space is filled with air the attenuation factor is dependent on the 
first power of the frequency. For loose soils filled with water" viscous action 
seems to predominate. If partial moisture is present in any material there 
should be t\.'O fa~tors in the exponent; however, most authors have not dis-
criminated to this degree. Generally" the coefficient of the frequency 
exponent vill differ even among classes of rocks and soils because of dif-
-
ferences in grain size, degree of cementation" pore space" and pore filler 0 
4.3. GeolOEic Structure Uhderlying the Sites 
(D Eureka, California: Evenson (41) reports that Eureka lies 
mainly on a~ outcrop of the Hookston formation of the upper Pleistocene 
period ranging in thickness from 10 to 200 feet. This is a poorly consolidated 
sandstone,the primary constituents of which average to be 52 percent sand, 
30 percent silt, and 18 percent clay size. Below this lies the Carlotta forma-
tion of the lower Pleistocene period containing 27 percent sand, 47 percent 
silt and 20 percent clay. Below the Carlotta lies the Scottia Bluffs sandstone 
of the upper Pliocene. Many sections of the se formations are water bearing; 
however, the effect of the water was not included in the computation of the SH 
velocity. The geological cross section and the estimated velocity of the 
vertically travelling SH wave are given in Figo 13(a). 
(2) Ferndale, California: The geological cross sectiGn underlying 
Ferndale is similar to that under Eureka except that the Hookston is covered 
by 40 to 80 feet of recent alluvium containing clay, silt, and sand sizes. 
Water is present in varying degrees. The Carlotta is much thicker at Ferndale 
reaching a depth of 1500 feet. Below 1500 feet the log increases in age, but 
the material remains primarily sandstones and siltstones. At 8600 feet 
Jurassic shales, cherts and basalts are encountered a The estimated velocity 
log is presented in Fig. 13(b)o 
(3) El Centro, California~ El Centro is situated in the middle of 
the Colorado desert in the Imperial Valley. This region, Which has since been 
uplifted, was once the delta of the Colorado river and contains very thick 
deposits of Pleistocene alluvium. Oakshott et al (42) has reported the log of 
a well 5000 feet deep drilled about three miles south of El Centroo No pump-
able water ~as encountered in the entire 5000 feet of unconsolidated gravels, 
sands, silts, and clays. The log of velocity to 1000 feet is estimated in 
Fig. l4(a). 
(4) Hollister, California~ Clark (43) reports that Hollister is 
situated in a valley filled with alluvium to a depth of about 500 feet. 
Underlying this are Cenozoic rocks of undescribed specific age or type. Water 
in quantities suitable for irrigation is reached at depths from 50 feet on 
do~. In Fig. 14(b) is shown the estimated velocity log. 
(5) Helena, Montana: Helena is located on the southwest edge of 
the Prickly Pear Valley sho~ in Fig. 9. It is reported (16-1935) that the 
building Ln which the accelerograph was located is situated on outcropping 
Cenozoic limestone underlain by Paleozoic material having a P wave velocity of 
46 
.. ~ "'~""Ic"'t to 14 800 feet per second. 'fue northern part of to1m is situated on 
...... , ... ..,v , 
~l.~"ium ..mich increases sharply in thickness to an estimated 2000 feet maxi-
::::.= t..'1iokness. Granite is noted to be located at a depth of 15,000 to 20,000 
"'"'e shear wave velocity was estimated by assuming the limestone to be fc-c t. ~ 
A ho=Ogeneous elastic material having a Poisson~s ratio of 0025 and by esttmat-
!..:--6 the P velocity to be 13,800 feet per secondo This estimate was based on 
yal \lee reported in Gutenberg (44) and Birch (34) 0 The assumption that lime-' 
fi·...one is uniformly elastic is permissible since it is a crystalline rock which, 
~r ccnpetant, shows little anisotropyo Velocity is estimated in Figo 15(a)0 
(6) San Francisco Golden Gate Park, California: This area has been 
~1ghly faulted and folded since it is within a mile or t'WO of the well-kno'Wll 
San Andreas fault zone. It is reported (45), however, that the accelerograph 
1G loca.ted on a vertically tilting siliceous sandstone of the Jurassic period 
~xt.e~ding to great depths. Macelwane in reference (44) notes that the P 'Wave 
velo:ity of siliceous sandstones at depth ranges between 7900 feet per second 
~1 CfXXJ feet per second. llie P wave velocity of this material should also be 
v~ ~.h!.!l this range as the application of Faust r s equation can sho'Wj however, 
.~.~ portion outcropping at the surface has probably been weathered to some 
t'xt-e!'lt. Collins and Lee (38) ha.ve. reported P velocities of' weathered sand-
a ~ne: to range between 4500 - 5000 fee't per second. In light of these observa-
~ !.':::-.I 1 t. vns decided that Faust t s equation be used to compute the SH wave 
... ~ :>: ~ ~y a.aS\.t:ling isotropic elasticity to prevail. Since the sandstone is 
... :,~ ~~I.lly tilted the factor of one-half caused by laminar anisotropy can not 
. , 
,.... : .. ..:- :'~~~ aL'1ce this is a very old sandstone and rather uniformly cemented. 
• r:". ~ ~ (b) 1 t C 8..'1 be noted that Faust I s equation rlll provide reasonable 
., .:;,., ~ •• ta'.. \.'()t.h nurfnce and at depth compared 'W'ith those reported by ColllnD 
(7) Olympia, Washington: Least "is known about the material under-
lying this region. Bretz (46) reports that Olympia is situated at the south 
end of Budd's Inlet, the southernmost part of Puget Sound. The accelerograph 
site overlies a ground moraine deposited during the last period of continental 
glaciation and is near the terminal moraine of the glacier~ The material is 
reported to be saturated. In Fig. 16 the velocity is estimated by using the 
saturated velocity/dry velocity ratio mentioned earlier in addition to the 
1/3 V value. p 
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v • ON EARTHQUAKE MECHANISM, MAGNITUDE AND HYPOCENTRAL DISTANCE 
5. 1. General 
The various factors whicn might tend to influence earthquake intensity 
vere discussed in Chapter I~ In Chapter IV it was shown that the recording 
sites selected were virtually free from the influence of topography, as earlier 
defined, and structural feedback. Conceivably then, the distance between 
source and site, earthquake size, and azimuth between fault strike and direct 
ray path, -would be the major parameters other than layering remaining to in-
fluence intensity. If the dynamic runplification factor for effects which occur 
at one site are to be compared with those which occur at another site, the 
relative influence of E (total energy, hereafter referred to only as E), r, 
and e (azimuth) must be included in computation. 
In order to understand and gain a proper perspective of these 
important quantities it is desirable to examine the current concepts concerning 
the evolution or mechanism of earthquake. 
5.2 Mechanism of EarthqUake Action 
Earthquakes arise through the fairly sudden release of energy within 
some confined region of the Earth. This energy can be gravitational potential 
energy, chemical energy, or elastic strain energy. The release may be regarded 
as the immediate cause of an earthquake. The next question which follows :from 
this explanation regards the processes giving rise to the accumulation of this 
energy and has never been fully answered. 
A variety of evidence indicates that of the three types of energy 
listed above,only elastic strain energy could be released in sufficient 
quantity to cause the Earth 1 s major earthquakes. Earthquakes caused in this 
canner are the results of mountain building processes and are called tectonic 
earthquake s. 
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H. F. Reid (47) shortly after the San Francisco earthquake of 1906 
postulated the elastic rebound theory upon examination of the relative movement 
of the two sides of the exposed fault trace and the lesser displacements of 
the triangulation stations located at some distance from and on either side 
of the fault. This theory might generally '~e envisioned as the evolution of a 
series of shear dislocations progressing in either direction dOVil a fault 
surface releasing the strain energy in the form of kinetic energy and heat. 
The equivalent force system might be viewed as a series of in-line dipoles 
werein dynamic force couples are imposed at the origin of the ea.rthqua.k~. 
For earthquakes which break the surface this explanation appears to 
be sound, but questions have been raised as to its merit with regard to quakes 
'Which occur at depth and do not. break ground. Some authors envision the 
mechanism in this case to result from a quadripole source in 'Which two force 
couple systems are imposed perpendicular to one another. In California, 
hO'Wever, where all earthquakes are shallow (Gutenberg (48) has indicated 
values of less than 20 miles) the elastic rebound theory is the widely accepted 
mode of release (48). 
~e origination of energy from a strikeslip fault may be examined 
in Fig. 17(a) thr=>u.gb (c). At some iocation in the zone of greatest sheS! 
stress a ;reak por~ion of the rock fails rapidly sending P ?Jld S waves in all 
directions. The ~ediate effect of the P wave is to increase the strains 
at neighboring points causing fault action to propagate within the stressed 
%One. Since in the diagrams it is imagined that the shear stress is greatest 
aiong some planar region, dimjnjshing with distance in directions pe~'~endicular 
to this region, shearing action might be propagated only in a plane. 
The velocity of ~ault propagation n~cessarily must be less than the 
P vave velocity since a finite time is required for the incremental stress 
to bUild up to the slipping or rupture value. Since the faulting velocity 
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may not differ greatly from the P wave velocity, the elementary waves generated 
from the successively slipping points are approximately in phase, and conse-
guently their effects are partially cumulative. Under such conditions the 
incremental stress generated by the waves may be sufficient to allow the 
material to overshoot equilibrium and therefore tend to oscillate about ito 
This phenomenon might more easily occur in the larger earthquakes since they 
have larger surface areas over which this type of action may take place 0 
The region of strain energy surrounding a potential earthquake 
raul t may differ depending on the area of faul tingo For smaller earthquakes 
the :region may be spherical 'While for larger earthquakes such as the San Fran-
cisco, 1906 earthquake (Richter magnitude of 8025) where the fault trace was 
21D miles long, the extent of strain on either side of the fault plane may be 
proportionally less., The region of maximum shear could then be an ellipsoid 
or a rectangular parallelopiped in shape vith one major and one minor axis 
representing the length and depth of the fault surface 0 The last and smallest 
axis J r , would extend. to the limiting bound of maximum, near failure shear 
. 0 
stress. 
The idea of energy being released from a region of strain rather 
than a planar zone of movement has been proposed mostly by Japanese authors 
(497 50, 51, 52). Yoshiyama (53) was able to determine the extent of the 
x-egion frOID records by noting the difi'erence in the time of propagation of 
the P and S waves and knowing the true time of propagation of P. 
were 
T = V t 
o P 0 
t = T' - T 000 
ro = radius of the strained region 
T~ = time of travel of P from origin to site 
T = apparent time of rOigin as deduced from P minus S data 
o 
(46) 
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T;,,\::-::, studies of this type he concluded that~ 
loglO r :: 00256 loglO E - 4028, 3 <r < 10kIn (47) 0 0 
loglO r :: 00217 loglO E - 3" 48, 10 < r < 30km (48) 0 0 
Study of these two equations shows that the radius increases at a rate less 
than the cube root of the energy, which is discussed in Section 503020 
Tocher (54) and Housner (55) have found relationships for the exposed 
length of fault breakage and area of fault respectively 0 Each indicated that 
the long dimension of a fault slip surface is larger than t.he r defined above 
o 
by Yoshiyamao 
To recapitulate, the shear wave may appear to emanate from either a 
planar surface or from the surface of a volume of strain 'Which may be near 
spherical for small earthquakes and ellipsoidal for large earthquakes 0 This 
discussion of earthquake action was deemed necessary in order that the reader 
may better understand the arguments to follow for scaling distance, size, and 
azimuth. 
5.30 Variati8n of Intensity with Energy) Distance, and Azimuth 
Intensity, as defined in Chapter II7 is proportional to particle 
velocity. Since vibrating systems having natural periods of oscillation are 
of primary concern and since the disturbance is also oscillatory in nature, 
the particle velocity of a body experiencing simple hArmonic motion is 
examined. Then if 
U :: A sin wt 
the velocity is 
v :: Aw cos wt 
"Where Aw is the maximum velocity that the particle attains 0 As was reasoned 
in Chapter II maximum velocity, Which is the important quantity for intensity 
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determination, is proportional to CA/T) • The next step is to e~amine how 
max 
A and T vary with total kinetic energy released in an earthquake, hypocentral 
distance, and azimuth. 
First the ~~eory concerning how displacement amplitude is affected 
by distance and azimuth will be examined 0 Next, the effect of energy is 
theoretically studied as it pertains to A/T as well as periods of vibration 
released during earthquake 0 The theoretical findings are then compared with 
observations reported in the literature 0 Finally scaling factors are derived 
by means of dimensional analysis and by statistically analyzing the strong 
motion earthquake data measured in this reporto A swmnary of the results of 
these studies is presented in Section 504. 
In this section equations are developed which attempt to relate 
particle velocity--or in the case of a sinusoidal disturbance the displacement 
amplitude divided by the period--with the distance from source to site and the 
total kinetic energy emitted during an earthquake. ~e lJ'11port8J.'J.t factors 
w.hich are physically involved with these relationships are included in the 
calculations by we:y of assumptions made earlier about the source 0 
Housner (55) has suggested1j'that an earthquake might be examined by 
studying the problem as the release of a series of shear coupleso He noted 
that if it is supposed that a force, shown in Fig. 18, acts in the negative 
x-direction at (0,0,0) and an equal and opposite force acts at (O,h,O) and 
the limit is taken as h ~ 0, the resultant is M (Oulidy, ?N l/"Oy, fJwl/ay) 0 
(ul ' VI' wl ) is the displacement obtained at any point in an infinite medium 
due to a unit force, and the forces applied to the body in the neighborhood 
of the origin are statically equivalent to a couple of moment M about the 
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z-axis.. Love (56) d.enotes t~e couple as a double force with momento The" 
equations become) 
~, , 
[4tcp] u = -~ (1 - X-) OydM (pt - pr/V ) 
V3 2 2 s - r r 
s 
2 
- ---L- (1 - ?L) l.f(pt - pr/V ) 
rI- ~ r2 s 
s 
~01.f( /) 
- V2 ;4"t; pt - pr V p 
P 
?y 1 r/V 
+ <Y(r-.L) J S tlM(pt - pt') dt V ~ / rV p 
2 2 
[47tp] v = + 1)3* xY
4 
~ (pt - pr/V
s
) - ;Pxy dM (pt - pr/V ) 
V r Ui V2 r 4 ay p 
s p 
+ (~ - ~) [~M(Pt - pr/V ) - 1-. M(pt - pr/V )] ~ r 5 y'2 p v2 S 
P S 
?y 1 r/V.· 
+ &~~) ~/V s t'M(pt - pt') dt' (50) 
p 
(lptp] w = +p 3XY4 ~~ (pt - pr/V
s
) - F4 ~ (pt - pr/V ) 
V r VJ V r VJ p 
s p 
where in the above equations ~ 
( 2 2 2 1/2 r = x + y + z ) 
Vp = compressional wave velocity 
v = shear -VTave velocity 
s 
P = density 
p - circular frequency of the disturbance 
Equation (49) was solved for only the shear wave contribution by 
assuming M = M cos pt as followso 
o 
[~J u = [1 - 2 V2 El x - 3 s V3 r 2 2 22+ r p r 
s 
6x2 V
2 
s 
15x2 V2 
2 4
s ] sin pet - r/V ) s p r 
15x2 V2 
- -L- [1 3 2 4s ] cos pet - r/V ) - --- 22+ V2~ 2 s r p r p r 
s 
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The case of x = 0, Which simplifies the above equation is examined so that u 
becomes a maximum, and v = o. 
[~J u max 
It can be seen t.L~at for V /pr « 1, u oC (py/V2r2). For V /pr » 1, 
s m~ s s 
u oC (_3y/p2r 5). Upon insertion of the average minimum value for 
max 
r (10 miles (48)) and the value of V (11,400 ft./ sec.) it is found that for 
s 
the first case to hold p » 00216 radian! second or T « 29 seconds 0 Since 
even for very large earthquakes fundamental periods are less than 5 seconds, 
and since engineers are in most cases not interested in periods much greater 
than 5 or 6 seconds, it is saf'e to say that the case in which V /pr « 1 is 
s 
reasonable in nature. That is, 
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The above solution (Eq. (52) through (54) is significant since any variable 
force pulse may be represented by an equivalent Fourier series of sine and 
cosine terms. 
The resulting displacement amplitudes are a function of lir plus 
higher orders of 1/r. And if r is greater tian ten miles, the equations 
reduce to the following (shear wave contribution only). 
2 4 
Us tIC :p [?- -xi ] + L Order (l/r )n+l 
n=l 
2 4 
Vx oC :p ~ + I Order (l/r )n+l 
n=l 
4 
wsoc:p ~4 + I Order (l/~)n+l 
n=l 
Several relationships can be noted from these simplified expres'sions: 
(1) .Amplitude is proportional to p. 
(2) ~ere is no motion on the x-z plane. 
(3) If' the x-y plane is parallel to the Earth t s surface the 
relative influence of vertical motion 'increases with depth 
since r does not change as rapidly as z. 
(4) Displacement is primarily proportional to '1/ r. 
Sezawa and Kanai (50) and Sharp (57) in a somewhat different mann~r 
have determined expression!? for the displacement for spherical volumes of shear 
and explosive pulse sources respectively. mey .also find that displacement 
-amplitude is proportional to l/r plus higher orders of l/r if the point of 
'observation is at a relatively large distance from the source. 
If the motion is in a plane parallel to the Earth I s surface, which 
approximates the worst earthquake from a struc'tural viewpoint, the amplitude 
I 
I 
I 
varies as 1:/ r since in this case y = .6. (epicentral distance). If fj. is nearly 
equal to r, this factor will not be of much influence 0 However, it is always 
less than 10 
A second factor which makes the llr attenuation relationship in-
accurate in practice is that all ray paths are bent toward the surface ~s the 
result of velocity anisotropy with depth 0 Therefore, the r that is calculated 
by assuming it to be (h2 + l:l2)l/2 is always shorter than the true r as can be 
seen from Figo 190 The additional influence of velocity anisotropy ~uld tend 
to make &TJlpli tude seem to diminish more rapidly with distance than a 1/4 
relationship would allowo 
An idea of the magnitude of this additional attenuation factor can 
be gained by further considering Figo 19, Gutenberg's (48) concept of the 
average California earthquake 0 He notes that the direct shear wave provides 
the largest displacement amplitude at distances ranging from 0 to 6205 mileso 
From 62.5 r::.iles to 625 miles the refracted waves would carry the bulk of the 
energy. At epicentral distances greater than 625 miles Rayleigh and Love 
type surface ~aves contain the largest portion of the kinetic energy observed 
at the surface. 
Using the values just mentioned to determine arc lengths of rays 
noted in Fig. 19 end comparing them with the cord 1:engths, a value for n in 
the relationship u OC (J./r )l+n was obtained to be about 00032. The L¥r 
influence end the higher order terms wOuld also cause n to be slightly greater 
than zero. 
Displacement amplitude is also reduced w~th distanCe by internal 
friction and scattering within the rock as well as by geometrical dispersiono 
r 
A -1 T _ A 
u =-e ---
r r l+n 
·r 
were 
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Figure 20 was constructed to show how n varies with numerical values of T/I 
for distances smaller than 60 mileso For an average depth between hypocenter 
and surface :' j miles) Birch gives ., = 106 x 10 -3 (note Table 9). Using this 
value together with the minimum value of period considered in this report, 
0.2 second, it can be determined from Fig. 20 that n = 00420 For larger 
periods n is smaller. 
In summary, as the result of geometrical dispersion, ray path 
curvature, ~r, and solid friction in the rock it is judiciously estimated 
that displacement amplitude should vary as (l/r)l+n Where 0 < n < 0050 
The theory mentioned earlier can be used to examine the change in 
ampli tude as a function of' azimuth 0 From Eqs 0 (56) and (57) u and v were 
computed and plotted in Figo 21 along with the average of u and Vo It can be 
noted that although the amplitudes of both u and v change quite radically with 
e, the average remains almost constant ( within + 20 percent for e < 50'1 It 
is convenient that the average displacement changes the least since it is a 
better measure of the average properties of' the disturbance • 
.An earthquake can be envisaged as being composed of many of these 
shear couples so that the drop off with azimuth wuld take place primarily 
at the ends of the fault surfaceo Therefore, if the hypocentral distance is 
not very much larger than the length of the fault, L, the range of e within 
Which average amplitude remains relatively constant is effectively enlargedo 
That is, 
e' = tan -1 (L/2r + tan 500 ) 
In trying to compute how period varies with r, Section 4.203 may 
be consulted. If water is absent, a is a function of the inverse first 
power of T so that solid friction rather than viscosity prevails as a 
mechanism of attenuation 0 In this case wave velocity is a constant, inde-
pendent of period. Periods, therefore, do not disperse with distance as the 
result of internal friction. 
The intensity or maximum velocity is now examined with regard to 
total energy released during earthquakeo This may be done fairly easily 
since period as well as amplitude is included in the equation for maximum 
kinetic energy per unit volumeo 
Emax = ~2 p [~l~ 
therefore, 
[~J oC El/2 
max max 
But Richter magnitude is a measure of the total energy released during an 
earthquake, and is a function not only of the maximum kinetic energy but 
also the duration of quaking. Since earthquake duration is also a function 
of earthquake size, E (total) oc. En J where n is less than oneo Following 
max 
this line of reasoning, 
'Where m is less than 1/20 It may be assumed that the duration of strong 
motion is a function of the long dimension of a fault since a finite time is 
required for fracture. Using Housner!s (55) equation for fault surface area 
it is found that, 
and MoClnt 
Where in these equations 
K = constant 
A = area of fault surface 
M 
e 
A = area of fault surface from an earthquake of M = 0 
o 
t = duration of strong motion 
Then, using liousneris relationship between M and E, 
and 
therefore 
and 
E t oe.. E 
max 
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The value of m = 0025 would be a lower limit since the relationship E cc. E t 
max 
is conservativeo 
A better idea of the linli ts of m can be obtained by studying the 
kinetic energy per unit area in one wave length 0 
2 
E = 21(2 PV L 
s T (61) 
Housner (55) has show.n that for earthquakes having similar dimensions bounding 
the fault surface area} such as a square or circle (small earthquakes), the 
slip amplitude should be proportional to El/2o For fault surfaces havine one 
dimension significantly longer than the other (great earthquakes), the slip 
amplitude should be proportional to E2/3 o Therefore, from Eqo (61) the (A/T) 
relationship for equidimensional, small earthquake surfaces is, 
and, 
~ere, T is not a function of total energy (E)o 
.For larger, odd s ided fault surfaces, 
~ , /7,. 
d ~ 'QC ~,./ ~, T ~ 
where, T is proportional to El/3 o 
IC7 \ \UJ l 
sa ··4ttt .... ?bf-7¥raedGnWft~ ..... _ 
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Another way of estimating the manner in which period varies with 
kinetic energy during an earthquake can be suggested. It was mentioned earlier 
that energy can be imagined as relec...sed from a volumeo The short dimension of 
that volume is the extent of maximum shear 0 Therefore, if the solid rock zone 
can be likened to the vibration of the cantilever shear beam ~ich is initially 
deflected and released to vibrate under internal forces, an estimate of the 
fundamental period versus r can be made (Figo 22(a)o A series of these canti-
o 
levers might be imagined to constitute the strained configuration of a series 
of shear couples (Figo 22(b))o In this case, the center cantilever, L , would 
o 
control the maximum fundamental period limit upon release but may not neces-
sarily possess the most intense corresponding amplitudeo 
It has been noted that r 0' which is synonomous to L in this analogy, 
can be computed from Yoshiyama's Eqso (47,48)0 The periods of the modes of 
the shear beam cantilever are, 
'Where 
T = 4L k 
n nV 
s 
T = natural period of the cantilever for the nth mode 
n 
L = ro = length of cantilever 
n = mode number 
v = velocity of shear wave 
s 
k = shape factor 
Since r is proportional to EOo236; and L = r then 
o 0 
(64) 
This is a rough analogy, but it does give reasonable values for T while at the 
same time giving a physical explanation of how periods are controlled by size 
of earthquake 0 
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In summary the above study indicates that intensity, ,\-Thich is related 
to particle velocity, felt at a point on the EarthCs surface is a function of 
hypocentral distance and total kLDetic energy 0 Since period is not a function 
of distance it m~ be said that with regard to r only, particle velocity is a 
function Of displacement amplitudeo Displacement is found to be proportional 
-(l+n) to r , Vhere 0 < n < 0050 The exponent of r is controlled by three prime 
influences, geometrical divergence, ray curvature, and energy absorptiono With 
regard only to total kinetic energy emitted during earthquake particle velocity 
is proportional to tn, -where 0025 < m < 00500 It was indicated further that 
the limiting period of earthquake action is a function of the size of the 
disturbance 0 The effect of azimuth may significantly lower the intensity of 
the direct shear wave near the ends of the fault for about an 800 arc 0 Average 
intensity is relatively constant in the remaining directionso 
50302 Observation 
Total kinetic energy in an earthquake is never reportedo Rather, 
the Richter magnitude (hereafter noted only as magnitude) is usually cited to 
tw significant figures 0 Gutenberg and Richter (23) have listed virtually all the 
empirically derived relations bet~en energy and magnitude which various authors 
have described in the literatureo From Table 10 it is determined that the 
equation, 
be used, rThere E is the ergs and M is the magnitude defined in reference (23)0 
Using this definition for magnitude and Kanai's empirical 
formulae (58), 
for California, A loglO T = 006lM - 3 loglO 6 + o~80 (66) 
for Japan (undergro1.ll1d), A loglO T ; Oo6lM - 1073 loglO ~ - 1047 
it can be computed that 
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for California, 
for Japan (underground), 
Gutenberg (23) has not presented one equation relating the 
attenuation of AfT with distance a..n.dmagnitudeo However, he does give in 
reference (12) a figure showing the decline in amplitude with epicentral 
distance 0 From this figure the writer determined that the amplitude of the 
shear wave decreased as ~-lo44 for ~ less than 60 mileso He also mentions 
along with Matomoto (58), KEnai and Yoshizawa (60), and Byerly (15) that 
period does not change for distances less than 50 mileso At greater distances 
only slight increases are notedo Some indication of the variation of AfT with 
energy may be obtained by combining his equations for significant period a.'1d 
amplitude 0 He reports that period varies with amplitude as, 
That is:; 
loglO To = - 101 + OolM, 
T ~ EOo053 
o 
for M < 700 
With regard to amplitude at the epicenter, A
o
' 
or, 
loglo Ao = -509 + M - 00027 Mf 
A oC EOo500 
o 
(68) 
Therefore y it can be seen upon combination of these t'WO relationships with 
the geometrical divergence relationship that, 
The equation fbr intensity ~ be computed by dimensional analysis 
assuming that the critical ~ameters involVed must L'1clude the physic~l 
I 
I 
-parameters of the medium, G and P as "Well as the kinetic energy a.rid hypo ,-
central distanceo 
I = ~ = I [p] a [G] b [El C [r J d 
were a = -1/2, b = 1/2 + d/3, c = ~d/3, d = d 
Since there are four unkno'Yffis and only three dimensions J (length, 
time,9 and force) three of the dimensions must be -written in terms of the 
fourth 0 The -writer chose to assign a value to d since theory is considered 
to be accurate with respect to geometrical divergence (ioeo, summation of 
terms having integer exponents) 0 Unfortunately dimensional analysis does 
not allo-w the inclusion of a scalar quantity J and attenuation is a scalar 
quantity 0 Since the attenuation factor is known, however, it m~ be included 
after the dimensional quantities are assigned compatible exponents 0 The 
cases for d = -1, -2, and -3J Which should cover the dispersion range well 
enough, are noW" exaninedo 
for d = -2 j 
for d = -3.9 KiiU [ E Jl :s = ~ PV
s 
If it is asstr:led that all earthquakes occur in the same type of rock, the 
density and velocity can be included in the constants ° The equations become, 
including the scalar attenuation factor, 
-ar 
e 
Earlier it was seen that intensity is a function of ~ Where m 
must be equal to or less than 1/20 This physically omits the higher order 
terms 0 Thus, intensity is simplified to 
-ar 
e 
Where r is the true travel distance over the curved patho 
5-304. Strong Motion Earthquake Data 
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The data accumulated at El Centro, Ferndale, and Hollister were 
used to compute relationships by least squares averaging between V versus 
max 
r and E and V (T = 002 - 300 seco) versus r and Eo 
o 
EI = na + bEE + &:r 
E IE = at.E + bLE2 + &:rE 
LIr = al:r + "bL:rE + cLr2 
L:>g values of E, r, and I were used in order to evaluate the exponentso 
Results are given in Table 11 where I is in inches/seconds, E is in ergs, and 
r in mileso 
The Hollister data did not provide reasonable values for the 
exponents of ro Upon further examination of the tabulated values of distance,.9 
magnitude, and velocities in Tables 5 and 15 it aI>pears that the cause for 
these large errors resulted £rom large errors in the datao Another observa-
tion is that from the scaling viewpoint V appears to be a somewhat better 
max 
indicator of intensity than V <> The exponents of r and E in relation to V 
o max 
better agree with theory, observation, and dimensional analysis even for 
Hollister 0 The averaged exponents for E and r .are 0.332 and -1037 respectively 
tlhich is within the range predicted by theory and observation 0 
50 4 Surmnary 
From theory, observations reported by other authors, dimensional 
analysis, and least squares averaging of the strone motion earthquake data 
it appears as if the follo~~ng equation might be generally appropriate for 
relating the effects of hypocentral distance and total kinetic energy to the 
maximum. particle veloc i ty 0 (Note Table 12) 0 
1/3 -(L.)r 
I=KE--e T 
r 
This equation can be used to normalize intensity for each earthquake as it 
is affected by these parameters only 0 Dynamic amplification factor may be 
computed for the layered sites with respect to the reference level simply by 
computing ratios of scaled values of intensity, defined in Chapter II as 
proportional to V and V (for m=l this is equivalent to Housner intensity») 
max 0 
and averaging. 
If a relationship between E and a re~resentative period in the 
attenuation factor and the attenuation constant 1 are unknown, the above 
equation cannot be used. In such cases the averaged exponents computed fr~ 
the data are considered to be a reasonable estimate for the Western United St~~~~ 
These studies lead to the relationship, 
.. ~ .. , 
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VIa DISCUSSION OF RESULTS 
601 General 
In Chapter I it was noted that from observation of records obtained at 
selected sites the objectives of this study were to determine the following 
items~ 
(1) The periodicity produced in a pseudo-velocity response 
spectrum as the direct result of site layering conditionso 
(2) The quantitative dyn.arnic amplification factor of intensit.y 
at a ~softit layered site compared to a reference level, 
21hard ~I ro ck site 0 
(3) The manner Ln which site characteristics might be included 
in the preparation of earthquake spectra at a proposed siteo 
In addition to the above subjects some general comments are made in this chapter 
on the nature of earthquake vibrations and the character of response spectrao 
602 The Nature of Earthquake Vibrations and Maximum Effects 
At Ferndale there is evidence indicating that either the mechanism 
is different for earthquakes which occur under the ocean, or the water layer 
overlying the earthquake focus modifies the signals so that SOme of the long 
period energy is converted into short period form in transit to the siteo To 
illustrate this phenomenon the spectra derived from the horizontal traces of 
two representative earthquakes (Figs 0 23 - 26) were averaged and normalized 
to the average maximum. partial velocity 0 The resulting spectra are compared 
in Figo 270 These spectra were computed for Ferndale earthquakes having 
similar reported magnitudes of 6060 The ocean earthquake was 55 miles from 
the site While the continental disturbance was 26 miles from the siteo The 
short periods are more pronounced for the ocean earthquake even though the 
distance is greater 0 
Many earthquakes are of the single· predominant pulse variety 0 The 
two ~arthquakes recorded at El Centro on June 13; 1953) and shown in Figo 28, 
are good examples of the one pulse type 0 In almost all single pulse quakes>, 
however, the ratio of V to V is less than that caused by multipulse earth-
a max 
quakes 0 This effect can be seen from comparing the ratios in Tables 13 to 15 
with t·he Helena ratios in Table 160 All of the Helena earthquakes were predom-
inantly of the single pulse variety J whereas earthquakes recorded at the 
layered sites were predominantly multipulse in natureo It can be noted on 
further examination of Figo 28 that the second earthquake>, which is the more 
intense of the two, has a prcportio~ally larger amount of moise following the 
large shear iilave pulse than does the first earthquakeo Since distance and site 
characteristics are the same in both cases the increased noise level is 
attributed either to prolonged act.ion along the surface of faulting or to some 
functional relation between size and noise level 0 
If one pulse or one pulse group tends to be larger t·han the rest of 
the pulse train} that pulse or group controls most of the spectral maximao 
The above statement is especially true in reference to a group of maximum 
amplitude pulses 0 The single large pulse becomes less influential in con~ 
trolling spectral maxima of those oscillators wnose periods are proportionally 
large or small in comparison with the pulse periodu To illustrate these 
remarks the readers attention is directed to the dot.ted trace in Figso 23 to 
270 The curve plots the time after the accelerograph starting time at -which 
an oscillator of given period attains peak velocityo MOst. of the peak values 
for both components of the Ferndale earthquake of 1954 occurred just after the 
maximum pulse value 0 In Figo 25 two controlling pulse groups are evident with 
the peak velocity group being the stronger of the two 0 In Figo 26 the velocity 
of oscillators having periods less than 105 seconds becomes a maximum at rather 
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random tlines; however, all tl12 oscillators having periods greater than 
105 seconds attain a maximum at about 19 secondso 
In order to arrive at some method for determining the base spectrum--
defined as the maximum acceleration, maximum velocity> maximum displacement base 
lines --ratios cf a Iv and A Iv ) which may be determined from Tables 13 
max max max. max 
and 14, were averaged by least squares against magnitude and distanceo The 
El Centro and Ferndale data were studied most intensively since Hollister 
data were poor and because of HOllister's limited range of distance and 
magnitude 0 This averaging procedure for single sit.es only is considered a valid 
approach sL~ce site influence is neutralizedo The results are as follows: 
a Iv = 102 ~ 11023 M - 00092 r (78) 
El Centro max max 
A /V = - 5201 + 1509 M - 00311 r (79) max max 
a Iv = 63025 - 3096 M + 00019 r (80) 
Ferndale max max 
A Iv = 1036 + 3097 M - 00090 r (81) 
max max 
These equations indicate the lli~important role that distance plays in 
controlling the period for r < 90 mileso MOreover, all of the signs for r 
except for Eqo (78) are theoretically incorrect if period increased with 
distanceD All of the ratio data are presented in Figso 29 and 30 plotted 
against magnitude only for all distances normalized to twenty mileso The 
scatter in the data is also a function of r thereby explaining the rather poor 
correlation 0 
Equations (78) through (81) were averaged to give the following 
gener~11ized equationso These are also plotted in Figso 29 and 30 and 
normalized for r = 20 mileso 
a Iv = 8206 - 7059 M - 00036 r 
max max. 
A Iv = -25037 + 9D94 M - 0020 r 
max max 
where a is in 10-3 g, V in ino/seco, and A in 10-2 incheso m~ max m~ 
(82) 
''"'- '\ \0)) 
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Since distance trayelled is relatively unimportant to the period of 
maximum velocity pulse J period was computed for t.he soft layer sites as a 
function of magnitude by least squares averaging and foun.d to be, 
Spectral Maxima,9 
Record Picking.9 
loglO TM = ~3002 + 00510 M 
loglO TM = ~2009 + 00349 M 
The maximum spectral period vas chosen as that at which the peak 
response is exhibited on each individual spectrum 0 In some cases,9 even for 
large magnitude earthquakes, this peak response did not occur in the long 
period region due to occasional r~~dom selectiono Because of this added 
random variable Ego (84) is not considered to be re~sonableo 
Equat ion (85) was determi..'led by noting the maximum veloc i ty pulse 
period and multiplying by two to arrive at. the equivalent sinusoidal periodo 
Since, as has been mentioned earlier} the maximum velocity pulse controls a 
large portion of the spectral max.ima this criterion for period determination 
seems valid 0 Upcn later examination it was found that ma.'lY periods were 
emphasized L~ the range Buggested by Ego (85)3 but not all of them corresponded 
to the peak spectral velocityo 
603 Investigation of Site Periodicity 
The problem concerning a preferred site period has puzzled observers 
for some timeo Some say that each site does have a preferred period at Which 
oscillators with near similar natural periods will tend to resonate j and some 
content that heterogeneity prevails with no site resonance able to existo 
To shed some light on this problem, it was considered that observa-
tion of the phenomena rather than theoretical studies should be t.he first step v 
Granted, others have examined many record.s.~ but these have been written by very 
low intensity earthquake vibrationsu Moreover, no advice concerning the 
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inclusion of the effect of site conditions directly in structural analysis 
has been advancedu The prime requirement for the study is that the records 
to 'be examined must be written L.'1 relat'ively high intensity regionso In this 
study the bulk of the records examined were made in regions great3r than VI 
on the Modified Mercalli scaleo 
The second significant step concerns the method of examination of 
the recordso It was mentioned earlier that maximum response is the quantity 
which interests the engineer; therefore, every record examined should) 
logicallYJ be reduced to a pseudo-velocity, maximum response spectrum formo 
The next question that arises concerns "the treatment of the spectra to uncover 
the site influence 0 
To begin with) if the site of recording is chosen carefully there 
will be only five major variables 'Which affect the s:pectra~ earthquake sizeJ 
earthquake mechal"1ism) distance from source to site., azimuth} and site 
characteristics. To eliminate the first four factors while at the same time 
preservinG the influe~ce of the site it is proposed that a large number of 
normalized spect~a produc.ed at a :particular site be averagedo The averaging 
process \w"'ocic! tend to eliminate any functional influence of the first four 
factors sin:e t.~ey are essentially random variableso The non-random influence) 
the site, s~ould re=aL~ emphasized L~ its normal proportiono 
To cxn=.ine the random character of size and distance at the three 
sites studied, F~£s. 31 and 32 showing magnitude and distance range reported 
at each site .ere preparedo At Ferndale and EI Centro the magnitudes range 
from 401 to 6.6 and 4.5 to 700 respectively for a spread of 205 eacho At 
Hollister the range was 405 to 505~ Likewise for Ferndale and EI Centro the 
distance spread and the average distance was greater than like quantities at 
Hollistero The azimuth randomness may be observed in Figso 6 to 80 In 
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addition, both single and mult.iple velocity, pulse type records were noted 
at all sites upon integration of the accelerogramso 
The spectra were normalized with respect to V and V 0 The 
max 0 
average curves were parallel a The V spectrum was below the V spectrum 
o m~ 
in a proporticn equal to the average V Iv given in Tables 13 to 160 The 
o max 
averaged spectra are shown in Figso 33 to 350 In each case the average 
spectrum parallels acceleration in the short period region, velocity in the 
mid-period regionJ and displacement in the long period regiono This is to be 
expected since all pseudo-velocity spectra at some respective POlllt begin to 
parallel t.he maximum displacement and the acceleration values if the input is 
composed of a finite number of frequencies having finite amplitudes 0 In view 
of this the spectra were redescribed by plotting the ratios of spectral maxima 
to average a Iv J V Iv ,and A Iv reference levels calculated 
max max max max max max. 
from data in Tables 13 to 15 and shown in Figso 36 to 380 Spectral differences 
axe more easily noted as the result of the straight line base spectrum method 
of representationo 
At El Centro there is a minor indication of site resonance in the 
short period region as can be seen from Figo 260 However} in general the 
curve is quite flato A simple multiplication factor of 200 would envelope 
any periodicity contributiono 
At Ferndale} Figo 37, the spectrum takes on a similar form; however J 
some amplification above the 2 0 0 envelope mentioned for El Centro i.s indicated 
at periods shorter than 009 secondo From indications mentioned earlier in 
Section 6.2 the additional amplification value of about 1015 noted at periods 
between 0035 and 0085 second is attributed to differences between ocean 
earthquakes and continental earthquakes 0 Nevertheless, the valu.e of 200 is 
still a reasonable envelope for all periods at Ferndale as well as El Centro. 
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At first glance the Hol1ister spect.rum, Figo 38, indicates some 
amplificat1.on in the short period regiono At 005 second the increase above 
the 200 value earlier described for El Centro and Ferndale is 2069/2000 = 10350 
It has been mentioned that the hypocentral distances and the magnitudes at 
Hollister did not satisfy the random requirement very wello Therefore J some 
of the short period amplification may result from earthquake mechanism causeso 
To examine this supposition further Ego (85) and the average magnitude valu.e 
of 409 shown in Figo 27 were used to compute the average mechanism periodo 
The derived value of 0042 second cOlucides closely with the peak in Figo 340 
To study the possible influence of magnitude and earthquake mechanism 
on spectral amplification the Helena earthquake records were reduced to spectrum 
form and averagedo The resulting average spectrum and amplification spectrum 
are shown in Figso 29 and 40 respectivelyo The first point of interest is 
that the spectrum is not amplified by the previously mentioned factor of 200 
noted for the soil siteso Secondly, the spectrum is quite smooth and the 
amplification factor is near unity for most of the periods 0 The dip of the 
curve from l~4 seconds to 6 0 0 seconds is attributed to the base spect~~ lines 
not being cornered in nature but rounded 0 'Ihe same phenomenon concerning the 
occ.urren:::e of the spectral minimum at the periods of intersection of the 
maximum acceler:ition and velocity a.l1d displacement and velocit.y base lines can 
be noted in FlBSo 36 to 380 
The final observation concerns the prominent bell shaped section 
at the short period end which peaks at 0035 secondo If the influence of the 
structure is discoUTlted this phenomenon may be the result of either or both 
of two factors~ (1) site periodicity for the hard rock site, or (2) earthqua~~ 
mechanisIDo If site periodicity is the cause of this amplification it can be 
determined from Kanai (25) that the thickness of the layer vould necessarily b~ 
either, 
"Where v = 8000 fto/seco 
s 
T = 0035 second 
H = TV /4 . 
s' 
and H = 700 feet for a soft layer overlying a hard base) or 
and H = 350 feet for a hard layer overlying a softer materialo 
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These thicknesses of a UIliform material are not cc·nsidered reasonableo The 
resonance is more likely the result. of small earthquake mechanism" All of the 
Helena series used in this study had magnitudes less than 6000 Using Eqo (77) 
and the ratios of average velocities for the small earthquakes to the yelocit.y 
of the 600 magnitude earthquake of October 31) 1935, the energies for each 
earthquake 'Were computed a Distance was assumed to be cons t.ant 0 In this 
manner the magnitudes of the Helena eart·hqu.akes trere determined to be 
Date Magnit.ude 
Octo 31, 1935 ~ Noo 1 600 
Octo 31} 1935 - Noo 2 406 
Novo 28} 1935 Noo "') 502 ..1.. 
Novo 28, 1935 - Noo 2 404 
Dec" 23J 1940 501 
Average 500 
Upon substitution in Eqo (85) the average mechanism period was determined to be 
0.45 second which is greater than but} in view of the crude derivation pro-
cedure, closely approximat.es the period of maximum velocity in Figo 400 
To verify the observations made at Helena, the San Francisco earth-
quake spectra of March 22, 1957 were averaged and normalized for the hard rock} 
Golden Gate Park siteo It can be seen in Fig" 41 that. this single earthquake 
spectrum resembles the averaged Helena spectrum in Figo 400 The peak period) 
however) is short for an earthquake having a magnitude of 5030 One possible 
explanation is that peak period incre.ases at soft layer sites as compared to 
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that at a hard rock siteo Tnis observation agrees with Gutenberg V s findings 
mentioned in Chapter I concernL't1g period increase vlith thic1rn.ess of overburden 0 
Equation (85) was determined from soft layered site data onlYn The lower 
amplification and ~ider spread of the resonance bell in Figo 34 is probably 
caused by averaging which spreads the effectsn As a result of the above 
discussion it is concluded that the amplification in the short period range of 
Figse 38 and 40 resulted from mech~nism causeso 
In summary it appears as if site conditions do not greatly tend to 
amplify one period more than another 0 Some resonance may occur at periods less 
than 008 second) but there are indications that an amplification factor of 2 00 
may be applied to the base spectrum to account for the soft layer site factoro 
In addition earthquake mechanism appears to cause the inclusion of a second 
magnification factor for the determination of a final spectrum~ The average 
amplification caused· by t.his parameter is about 10600 It may be included by 
amplifying the doubled spectrum by the 1060 factor between TM/2 ~ T ~ 2 TMG 
Examples of this procedure are given in Figs 0 42 to 59 in which the spectra for 
each earthquake having a reported magnitude at El Centro, Ferndale, and 
Hollister are averaged and normalized to m~~imum average velocitYe 
The apparent reason for the soft layer sites amplifying spectrum 
values as the resu~t of layering only is that the energy is held in the 
vicinity of the surface for a lon.ger period of timeo Gutenberg in Chapter I 
noted that durat.ion of vibrations increases with thickness of soft materialo 
Duration increase may result from random reflection at some region within the 
vicinity of the surface 0 Possibly, the increase of velocity with depth tends 
to hold the kinetic energy in a broad frequency band near the surface. 
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604 Site I0~amic Amplification Factor (DAF)s 
Intensi.t.y is represented by V J 'Which determines the base spectrum 
max 
values defined earlier} or V:; which is proportional to Hausner :L1'J.tensity within 
a specified period range (:l.f all weight:Lng factors are equal to one) 0 Site 
dynamic amplification factor is the "ratio of intensity at a soft layered ~ite 
compared to a reference level or hard rock site) all other factors either being 
scaled or of negligible influence 0 
To examine how Modified Mercalli intens i ty} which directly concerns 
the degree of structural damage j varies with maximum velocity Figo 60 was" 
constructedo It can be seen that velocity is proportional to MOdified Mercalli 
intensity 0 The rarJ.domness is some'What reduced;l however j if VI (average 
spectral velocity between 002 and 100 second) is compared to MOdified Mercalli 
intensitYJ Figo 610 This illustrates the subjectivity of the scale since people 
are influenced more by short period vibrations and since most structures in 
California have periods less than one secondo 
In this study of site dynamic amplification factor Helena 'Was used 
as the reference site) and the largest earthquake of October 31, 1935 vas used 
as the reference site earthq1.lakeo It is unfortunate that only one earthquake 
magnitude is knO,\ID at this site; however.s indirect evidence is presented later 
to examine the accuracy of the Helena datao 
The magnitude of 600 has been reported by Housner (24)0 Blake (61) 
and the Uo So Coast and Geodetic Survey (16-1935) have reported values of 
depth and epicentral distwlceQ From smaller af'tershock (P-S) data the r for 
the big Helena earthquake was also computed by the author 0 From all this 
information the value of 506 miles wa.s finally selected" 
Using the relationship in Eq" (77)J the amplification factors for 
the sites were computed to be~ 
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v V 
max 0 
Helena 100!) 1000 
El Centro 3082 4032 
mean deviati.on ± 1003 + 104B 
maximum value Bc55 10050 
minimum value 2007 1084 
Ferndale 5084 6045 
mean deviation + 2022 ± 2030 
maximum value 11080 12090 
minimum value 2038 2086 
Hollister 5039 5063 
mean deviation ± 3004 ± 3024 
maximum value 11078 11090 
minimum value 1044 1074 
San Francisco Golden Gate 2086 2022 
Eureka 5042 4094 
Olympia 6035 7096 
In a sense it is rather remarkable that these magnification factors 
did not, diverge more than the above computed values because of the large 
number of unknowns involved 0 A partial list of the unkno-wns 'WOuld include ~ 
- (1) most depths are unknOwrlJ 
(2) the vertical trace is not considered j 
(3) no acc.ount of azimuth is ffiade j ( 4 ) errors in /:::;..9 
(5) different paths of travel j 
(6) knOml errors in magnitude up to 003 j 
(7) human errors in balancing velocity traces.? 
(8) unkno'WIl soil moisture conditions 0 
It is hoped that the amount of data is large enough to average these 
deviations., 
t 
I 
I 
I 
l 
t 
I 
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I 
i 
f 
The (DAF) for each site is plotted vith respect to distance in 
s 
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Fig .. 620 The El Centro data is almost flat. and no single exponent change will 
improve the fito The Ferndale and Hollister data appear to be random 0 In 
Figo 63 (DAF) s is plott.ed vlith respect to magni.tudeo The El Centro data are 
.. ~g~in relatively flat; at Ferndale and Hollister, on the other hand j the data 
are essentially random a The mean deviation. is greatest at Hollister and 
Ferndale, and El Centro has the smallest value of deviationo The constant 
dryness of soil may be of some influence as well as better reported data for 
explaining the lower deviation at El Centroo 
In the discussion to follow~ V will be omitted from consideration 
. 0 
as an index of intensity for several reasons~ 
it includes the layering amplification which is considered 
in another manner described in Section 603} 
deviation is higher in the case of V Q 0-
in Chapter V it did not give as reasonable scaling valueso 
Upon first glance at the site amplification factors just listed it 
appears as if the first power of acoustical impedance (derived in Eqo (20) 
Chapter IV) is too lnrge to account for the (DAF) of the siteso That is} 
s 
if the values 2.53 , 2.33) 2000, 1097, and 1070 are used for the average specific 
densities for liwestc~eJ sandstone, Tertiary sand, saturated glacial deposits, 
and alluviu::. re~r~cti\pely (Table 8)y and the value of 8000 it per sec is used 
for the SH ~ove velocity in limestone, it is found that the pertinent velocity 
tUlderlyinG the SlU:S =ust be~ 
(PV~) for limestone 
V (site) i:> = (P)TDAF)s s for site 
V (El Centro) = 3120 feet/second 
s 
V (Ferndale) _. 2040 feet/second 
s 
V (Hollister) == 2210 feet/second s 
V (Eureka) == 1870 feet/second s 
V (SFGG) == 3030 feet/second s 
Vs (Olympia) = 1620 feet/second 
Even though the velocity logs in Chapter IV are not exact they are 
probably closer to the true values than theseo 
Using the square root of acoustical impedance J which is the spectral 
average (DAF) for layered sit.es as well as the exact (DAF) for a linearly 
s s 
variant propertied site derived in Eqo (30)7 reasonable values are obtainedo 
(PV ) for limestone 
V (site) = s 
(p) (DAF); s for site 
V (El Centro) = 815 feet/second s 
V (Ferndale) = 350 feet/second s 
V (Hollister) = 410 feet/second s 
V (Eureka) = 345 feet/second s 
V (SFGG) = 1060 feet/second s 
V (Olympia) = 255 feet/second s 
These velocity values agree bett,er with those directly beneath the sites, 
rather than the deeper values of velocity with the exception of El Centroo 
However, periods and therefore wave-lengths were on the average longer at 
El Centro than at t.he other locations 0 
At this point. the above statements should be examined in light of 
the theory expressed in Chapter IIIo The upper limit for (DAF) is 
s 
(P2V2/PIVl) for the single layer syste~ subjected t? steady state harmonic 
vibration and for special cases in the multilayered systemo The lower limit 
is one (1) determined by anti-resonanceo The spectral average for a single 
layer system is (P2V/P1Vl)1/2. For multilayered systems subjected to 
harmonic waves a similar square root average relationship applies where the 
pl~perties of the lowest medium and the top layer determine the impedance 
relationship 0 If wavelength is shorter than the thickness of the linearly 
variant layer than (DAF\ is exactly equal to (P2V/P1V)1/2. 
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Since it was :shown in Section 6u3. that strong site resonance does 
not occur at the locations studiedJ the first power of the ratio of acoustical 
impedances is not a good estimate of the amplification factor 0 For the same 
reason anti-resonance cannot occurJ and amplification factor muse be greater 
than one 0 The square root of the acousticai impedances must be the effective 
mean value 0 The depth at "Which the site impedance should be measured is 
shallow 0 
In as much as the maximum velocity pulse rather than steady state 
vibrations is the intensity reference J does the above depth of impedance 
measurement still hold1 It seems logical that the wave length of the pulse 
should be a factor for determining effective depth 0 It is possible that an 
explanation of this type may account for Gutenbergns (12) observations that 
displacement amplitude increases lL~early vith the thickness of alluvium 0 
However, he also notes that period Lncreases slightly with thicknesso 
Therefore; AlTJwhich is proportional to velocit~ would be unaffected by depth 0 
Since much of the earthquake data may be inaccurate or at least 
Dear little relationship vith true distance and energy) a conclus ion is 
reached based on averaged res'~ts and on the foregoing discussiono From the 
standpoint of energy conservation at tw sites of different material J all 
other factors being equal J it appears that the effective depth to be used 
for the deternLnation of the impedance properties lies near the surface 0 A 
good esti.o.~te is the average value derived within normal exploratory soil 
boring depth) '-''hich generally is equivalent to the minimum foundation 
dimensiono This estimate} in ef£ectJ includes a building size factor to be 
mentioned nexto The maximum velocity to be expected at a potential site 
may be obtained by using the conse:r-vative equation, derived from the site 
properties of Helena. as vell as the value of velOCity, magnitude j · and di5~!~~{" 
reported for the large earthquake at Helena. 0 
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(86) 
'Where v ~ inches/second 
max 
p = speC~fiC d~nsitY 1 s 
V = feet/second j 
s 
E = ergs 
r = miles 
average value obtained vTi thin 
normal so il boring depth 
There are other factors which influence site amplification factoro 
For instance, the building at El Centro in which the accelerograph was located 
from the description in Chapter rl appears to be more rigid and has a larger 
floor plan than the Ferndale and possibly the Hollister buildingso The 
differences bet~en these structures may account for some of the 40 percent 
and 50 percent increase in (DAF) at Hollister and Ferndale with respect t.o 
s 
the El Centro site 0 The differenc.es are well within the mean deviation, 
however, and this discussion may be academico 
The only evidence of a direct comparison of the influence of founda-
tion in controlling intensi.ty was presented by Housner (62)0 The report con-
cerned the records taken during the Arvin earthquake of 1952 at two adjacent 
locations in IDs Angeles, about 75 miles from the epicenter of an earthquake 
having a magnitude of 706 0 H~usner reported the spectra computed using 
values of f3 = 0,,00, 00025, and 00100 A fourth spectrum was measured by the 
wi ter by reading the value half way between the 00025 and 0 0 10 spectra for 
each period to arrive at the equivalent Oc05 d~ped spectra used in this 
reporto These spectra are reported in Figso 64 and 65 for similar hori-
zontal components measured in a parking lot 110 feet away from a six-story 
building having a north-south dimension of about 45 feet and an east·-west 
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dimension of about 210 feeto The building accelerograph was located in the 
basement 0 The fundamental building periods -were 0050 second for the long 
dimension and 102 seconds for the shorter dimensiono 
Several observatj,ons can 'be made about t.hese spectrao First) larger 
differences bet"Yleen paxking lot and basement spectra are noted in the east-west 
directiono The difi'erences are almost constant) independent of periodo Second; 
no radical differences are noted at the building periods indicating no struc-
tural feedback,9 or evidence of coupling 0 Finally) the area under the east-west 
basement spectrum is 65 percent of the area under the corresponding parking lot 
spectrumJ and the area under the north=south basement spectrum is 87 percent. 
of that under the parking lot spectruIno The average reduction factor due to 
building and basement is 00760 
Some of this difference can be attributed to greater soil velocity 
since the btillding accelerograph was located in the basement and was at a 
greater deptho However J since the long building dimension did provide a 
greater redu~tion fact.or than that of the shorter dimension) extent and stiff-' 
ness of foundation does play a significant part in controlling measured 
intensity 0 
Equations (82) and (86) can be used independently to compute the 
maximum velocity to be expected at the siteo Since t1?-e average max:i.mum 
acceleration was 00045 g the maximum velocity from Eqo (82) is computed to be 
201 mol seco Assuming P s ;::: 1070,9 V s (N~S) ;::: 780 fto/ seco,9 and V s (E~W) = 
960fto/seco (t.he velocity derived from one-half of Eq" (38) assuming z (N-S) ;::: 
32 feet and z (E~W) == ll5 feet) the maximum particle velocities may be computed 
examination of the spectrum values in FigsQ 64 and 65 the latter velocities 
appear to be somewhat large" The error may be attributed to the error LTl 
, l 
I 
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Ego (65) for magnitudes larger than 7000 Using the Gutenberg and Richter (23) 
equation for larger magnitude earthquakes for both the Helena and Arvin 
magnitudes ~ 
The (N-S) and (E~W) velocities are compu.ted ";"0 be 207 inol sec 0 and 20 4 fuol sec 0 
respect.ively 0 
The Eureka versus the Ferndale records for the December 21) 1954 
earthquake can also be comparedo These t:.ro sites vere close to the same 
earthquake and were on a line of nearly the same azimuth 0 TIle Eureka ampli-
fication factor was 49 precent of the Ferndale value, with that at FerndaJ.e 
being 10010 and the Eureka site yieldirlg a value of 50420 The Eureka" building 
had a bigger floor plan, a basement, and is on more rigid materialo If the 
basement at Eureka is assumed t~ be 10 feet deep and the Ferndale footings are 
assumed to be at the surface,? and the densities are those mentioned earlierj 
the difference in (DAF) can be compu.ted using the velocity logs L.Tl Figo 13 
s 
and the average dimensions of the buildings cited in Chapter No 
(DAF)s Eureka {p V )1/2 Ferndale 
s s 
(DAF) --- (p V )1/2 Eureka Ferndale s 
s s 
(DAF)s Eureka [10 70 x .!!2.:z -J/2 (DAF) Ferndale = 2~OO x 1000 
s 
CDAF) Eureka 
s 0,,61 (DAF) = Ferndale 
s 
This indicates that if only the difference is acoustical impedance and struc-
tural dimens ions are considered, Eureka should be 61 percent of the Ferndale 
value 0 The difference between the observed value of 49 percent and the 
computed value of 61 percent. is small 0 
, j 
i 
The San Francisco site was included with the hope that it might. add 
a check to the single Helena record used to compute the amplification factors 0 
The spectral amplification listed earlier in Figo 41 was quite similar to that 
at HelenaJ Figo 39; however, the (DAF)s computed for Golden Gate Park was 
significantly greater for V 0 The rather high value of (DAF) can be 
m~ s 
explained if the foregoing explanation of effective depth and t.he velocity log 
in Figo 15 (b) are nearly correcto Using the value of 1670 feet per second at 
the surface for this small 11 1/2 x 11 1/2 foot structure and the density 
value for sandstone of 2033, amplification factor at Golden Gate Park is com-
puted to be, 
(DAF) = 2053 x 8000 = 2028 [ Jl/2 s 2033 x 1670 
'Which approximates the calculated value of 20860 
Another wa:y of evaluating the Golden Gate Park amplification figure 
is to compare the relative intensity ratings computed independently by 
Housner (24) of the effects felt" at five other locations and reported in 
Table 170 The (DAF) computed for these locations using Housner Us data are 
_ s . 
comparable to those obtained for other soil sites in smaller buildings by the 
author if an additional heavy building factor with basement is included 0 
Some of the large differences between Housner~s computed (DAF)s and 
those in this report (ioeo) El Centro, 1934, Ferndale, 1941, and Hollister, 
1949) probably result from Housner a s use of unbalanced records for spectral 
computation 0 It was earlier shown in Chapter II that this can provide 
erroneous spectral resultso 
The final subject to be discussed is the influence of saturated 
conditions on dynamic amplification factoro No conclusions will be made about 
this subject since only one set of records was studied at the saturated site, 
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Olympia 0 The ampli.fication factor was 6035 J or 27 percent larger than the 
average (DAF) for all the other soft siteso From Ego (37) it can be seen 
s 
that the dry shear velocity for a particulate soil would be 26 percent larger 
than the saturated velocity 0 But since impedance is proportional to the square 
root of this value} only 12 percent of the difference can be determined 0 
So many deviation factors are involved that a closer analysis cannot be madeo 
It only can be said that for this one example) amplification at a water 
saturated site may not be radically greater than the effects which may occur 
at comparable unsaturated sites 0 
605 Preparation of Spectra 
It has been seen in the foregOing chapters that a pseudo-velocity 
response spectruo may be used in the dynamic analysis of structures subjected 
to earthquake motions 0 It is further mentioned in Chapter II that a damping 
factor of 0005 reasonably estimates the damping to be expected in modern 
structures 0 Grantec, other values of damping would be of interest) ho'\vever, 
the computer tine involved in a study of this size limited the number of values 
to be used in co:::p'.l~ationo The character of the results pertaining to th~ 
influence of £YO~~~ on controlling spectral response should not be affected 
for other values. 
In the foregoing discussion a number of .factors have been shown 
to affect intensi t:; expected at a layered site" In order to include them in 
an orderly ~&~er for the estimation of five percent damped spectrum, eight 
f\mctions Day be perfor::!ed0 
deterwination of the earthquake energy from given magnitude 
using Eq~ (65) or (87)J 
detennination of distance betw"een site and source,? 
detennination of site impedance, 
determination of V from Eqo (86), 
max 
determination of a ---IV and A Iv relationships for a 
max' max max maJ): 
given magnitude and distance from Eqso \82) and (83), 
(6) 
(7) 
(8) 
construction of a } V ,and A base spectn.ml, 
max max max 
doubling the base spectrum values to account for layering, 
multiplication of spectrum by a factor of 106 between 
TMI2 ~ T ~ 2T , where T is determined by Eq. (85), to 
account for a~ded magni~ication at mechanism period. 
The above procedure and the equations involved are intended to give a 
reasonable method for including parameters, w~~ich control earthquake intensity 
in the preparation of a spectral envelope for a soft layered site. Maximum and 
minimum components are not discussed. Foundation influence is included by defin-
ing the effective impedance of the site to be the average impedance measured 
between base of structure and the depth equal to the structural dimension of 
interest 0 
The ph~losophy for using the above procedure for design in a specified 
intensity region is beyond the scope of this study; that is} the probability 
involved with potential values of magnitude and distance} ocean and continental 
earthquake, and so forth, are more in the region of design requirements rather 
than analysis of effects. However, it can be determined easily that intensity 
regions greater than VIII would be provided in the majority of instances by 
large magnitude earthquakes. Large earthquakes are potentially more damaging to 
tall~ long period structures than are the small earthquakes as can be seen from 
Fig. 660 It is therefore importa.'l1t in the design of tall structures not only to 
consider intensity region but also size of disturbanceo 
Examples of how well the above described procedure can predict an 
average spectrum IU.'8.y be seen by the comparison with known large and small 
magnitude earthquake spectra presented in Figs. 67 (El Centro) 5-18-40), 
68 (Olympia, 4-13-49), 69 (Ferndale, 5-13-41), and 70 (El Centro, 12-30-34). 
These examples include both single and multi]?ulse, small, medium, and large 
earthquake types. The values of soil velocity and density, hypocentral distance, 
and earthquake magnitude contain inherent errors which account for the differences 
between predicted and computed spectra. 
7.1 Conclusions 
VIlo CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
The foregOing chapters are based upon the interpretation of integrated 
strong motion acceleration records and five percent damped pseudo-velocity 
response spec~ra computed from the records, upon inference of pertinent site 
properties computed from relationships reported by others, upon reported 
epicentral distances and earthquake m~gnitudes,and upon wave theory applied 
to bounded elastic media having constant or linearly variant propertieso With 
the knovuedge that certain errors in the data fu~d site properties are involved, 
and that judgment of the writer is prevalent throughout the report, the fol-
lowing lllajor conclusions are made with regard to the sites studied 0 
(1) No preferential site period was observed to be amplified on a 
maximum pseudo-velocity response spectrum during strong motion earthquake. 
(2) ~le spectra velocities determined at soft layer sites are on 
the average twice as great as the base spectrum values defined in'this report 0 
(3) In the neighborhood of the l~iting earthquake mechanism period, 
the no~al anplification is about 302 times as great as the base spectrumo 
(4) Equation (86) is not recommended for design since many unknowns 
are involved. It can be said only that the ratio of maximum particle velocity 
expected at one site compared to that at another si~e (all other factors being 
equal or scaled) is very nearly eq~al to the inverse of the square root of the 
impedance ratios, l(PVs)~(PVS)lJl/2, where Vs is the velocity of the vertically 
travelling shear wave and P i~ the density of soilo 
(5) The average maximum particle velocity in the horizontal direction 
is proportional within limits of error to El/3/r lo 37, Where E is the energy of 
the earthquake and r is hypocentral distance from source to siteo 
(6) Maximum particle velocity was observed to be a stable and 
objective measure of earthquake intensity. 
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(7) The maximum velocity pulse J or pulse group, controls a large 
proportion of the damped spectral maximao 
702 Recommendations for Future Work 
On the basis of the studies made as a part of this dissertation it 
is believed that the following topics are worthy of further investigation: 
(1) A study on the influence of foundation rigidity and size as 
related to base motion of structureo 
(2) The effective depth of impedance measurement in relation 
to (1) above 0 
(3) A study relating standard soil mechanics methods, such as 
N-values determL~ed from split spoon sampling, to correlate shear strength 
'With shear impedance 0 
(4) Theoretical studies of trar'1sient rar'1dom disturbances propagating 
up through energy absorbant elastic materials 0 
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TABLE 1 
BUILDING CODES WHICH INCLUDE SITE CHARACTERISTICS (18) 
Definition of lateral force F = CW, W is the weight of the structure plus some 
percentage of the live load. 
Country 
Japan 
Chile 
Turkey 
California 
schoOls 
Site Description 
Tertiary 
Dilluvium 
Alluvium 
(5-30 meters) 
Alluvium 
(greater than 
30 meters) 
Filled Ground 
Rock 
Conglomerate or 
very compact soil 
Sand or filled grolUld 
a) with mat 
b ) without mat 
Best Ground 
Best Ground 
Worst GrolUld 
Worst Ground 
Bearin, capaci ty 
in T sq. ft. 
> 4 
2-4 
< 2 
Seismicity 
Zone 
(none given) 
(none given) 
low 
high 
low 
high 
(none given) 
C for TYPes of Construction 
wood 
0 .. 12 
0016 
0020 
0 .. 30 
0·30 
steel 
frame 
0.12 
0016 
0020 
0.20 
0.20 
rei..'tJ.forced 
concrete 
Rigid, 
T < 004s 
Semi Rigid 
Ooll< T <0,,75s 
0.08 
0.12 
0.10 
0012 
none 
none 
0005 
0 .. 10 
specified 
0.01 
0.02 
0.03 
0004 
s12ecified 
0.06 
0.08 
0.10 
TABLE 2 
TEE MODIFIED l1ERCALLI INTENSITY SCALE (Condensed from (17)) 
I. Not felt except by a few under especially favorable conditionso 
II. Felt only by a few persons at resto 
III. Felt quite noticeably under favorable_ circumsta~ces but many do not 
notice the seismic natureo Like passing of a trucko 
IVo Felt by mosto Dishes) windows, etcO) brokenj walls cracko 
Sensation like truck striking buildingo 
93 
v . Felt by nearly everyone 0 Some dishes and windows J etc 0) brokeno Some 
cracked plaster 0 Unstable ob jects overturned 0 
VIo Felt by allo Some heavy furniture movedo Damage slight 0 
VII. 
VIII. 
x. 
XII. 
Everybody runs outdoors. Damage negligible in well designed structures, 
slight to moderate in well-built ordinary structures considerable in 
poorly built or badly designed structureso 
Damage slight in specially designed (brick) structuresj considerable in 
ordinary substantial buildingsj great in poorly built or designed 
structures. 
Damage considerable in specially designed (masonry) structuresj well 
des igned framed structures thrO'WIl out of plumb; great in all other 
structures. 
Some ~ell-built wooden structures destroyed; most masonry and frame 
structtXes destroyed with foundationso Land slides. 
Few if any nasonry structures left standing. 
Damage total. 
TABLE 3" EARTHQUAKE AND ACCELEROMETER DATA REPORTED FOR EL CENTRO 
Trace Epicenter Date of Instrument Instrument Instru- Instrument Epicentral Depth Richter Modified 
No. IDcation Earth- Component Sensitivity ment Damping Distance Magnitude Mercalli 
quake Period Ratio 6 h M Intensity 
(Degrees) (mmo/g) (sec) (miles) (miles) 
lA 3206N 5/18/40 0 269 00099 8 14 10 700 VIII 
2A 11504W 90 264 0.100 7 
3A 3205N 12/30/34 0 269 00099 20 10 605 VIII 
4A 115·5W 90 264 00100 
7 3209N 4/12/38 0 261 00098 7 8 10 405 VI 
8 11545W 90 236 00098 8 
9 33·0N 10/21/42 0 192 00100 5 30 10 604 VII 
10 116.oW 90 193 00099 9 
29 3108N 2/9/56 0 136 00066 12 ~9 10 608 VI 
30 115.9W 90 129 00066 12 
35 33~ON 12/16/55 0 135 00066 9 15 10 504 VI 
36 11505W 90 127 00065 11 
54 3209N 6/13/53 90 126 0.065 11 7 10 505 VI 
11506W 
1/23/51 61 33·1N 0 127 00064 8 19 10 506 VI 
62 115.6w 90 127 0.065 5 
71 33·3N 3/19/54 0 136 00066 7 50 10 602 VI 
72 11602W 90 126 00065 12 
73 3105N 11/12/54 0 136 00066 9 93 10 60) IV 
74 11600w 90 129 00066 10 
75 3)03N 8/15/45 0 186 00099 8 42 10 507 V 
76 11601W 90 160 00100 8 
77 3203N 1/31/54 0 133 00068 9 37 10 5.6 V 
78 115·3W 90 123 00065 12 
80 33·0N 7/29/50 90 127 00065 4 17 10 505 V 
11506w 
1/31/54 81 32.3N 0 138 00068 9 37 10 
82 11503W 90 130 00066. 12 
\0 
-t:"" 
TABLE 40 EARTHQUAKE AND ACCE LEROMETER DATA REPORTED FOR FERNDALE 
Trace Epicenter Date of Instrument Instrument Instru~ Instrument Epicentral Depth Richter Modified 
No., Location Earth- Component Sensitivity ment Damping Distance Magnitude Mercalli 
quake Period Ratio 6 h M Intensity 
(Degrees) (mm./g) (sec) (miles) (miles) 
1 4o.7N 1073741 45 270 00099 9 40 10 604 VI 
2 125·0W 135 265 00099 10 
5 4003N 9/11/38 45 270 00099 7 35 10 605 VI 
6 124.Bw 135 270 0.099 10 
17 40.8N 12/21/54 44 135 00 066 9 26 10 606 VII 
18 123·9W 134 126 00064 12 
25 4006N 2/9/41 45 258 00096 10 55 10 606 VI 
26 125·3W 135 262 00099 12 
31 4o~3N 10/7/51 44 140 00066 9 35 10 V 
32 124.8W 134 130 0.,064 10 
39 39·5N 12/~20/40 45 270 00098 10 84 10 605 VI 
40 123·5W 135 262 0.,098 12 
Its 40.211 9/22/52 44 136 00065 12 27 10 5.8 VI 
49 1 2 It. 5W 134 125 00063 14 
55 40·5!i 12/18/46 44 172 00099 12 23 10 VI 
56 121L ~w 134 179 00099 12 )y 40.5H 8/29/55 44 136 0.066 9 11 10 V 
60 121 •• 2w 134 129 0.065 11 
67 hO.ltH 2/6/37 It5 269 0.100 7 46 10 5075 V 
68 125.1 W 135 266 0.099 11 
69 40.0H 11/19/40 45 270 00098 9 57 10 IV 
70 125·0W 135 262 0.099 10 
83 4o.3N 5/24/58 44 136 00066 9 22 10 V 
84 121+.2W 134 129 00065 11 
85 4o.2H 1/14/50 44 140 00066 25 10 4.6 V 
86 125·4W 134 120 00064 
87 4o·3N 5/1.3/41 45 268 00100 9 44 10 500 IV - V 
88 125~OW 135 264 00098 10 
89 4Oo6N 10/11/56 44 137 00066 9 79 10 600 V 
90 125~8w 134 129 00065 10 
91 4o.4N 5/3/49 44 141 0.066 11 12 10 401 V 
92 1240-3W 134 122 00064 10 \0 
\Jl 
TABLE 50 EARTHQUAKE AND ACC.ELEROMETER DATA REPORTED FOR HOLLISTER 
Trace Epicenter Date of Instrument Instrument Instru~ Instrument Epicentra1 Depth Richter Modified 
No. Location Earth- Component Sensitivity ment Damping Distance Magnitude Mercal1i 
quake Period Ratio 6. h M Intensi.ty 
(Degrees) (romo/g) (sec) (miles) (miles) 
3 3608N 3/9/49 1 131 0,066 5 13 10 502 VII 
4 12106w 91 132 00 066 6 
15 3700N 4/25/54 1 131 00 065 7 16 10 502 VI 
16 12107W 91 129 00 065 13 
19 3703N 9/4/55 1 134 00 065 8 42 10 505 VI 
20 12108W 91 131 00 065 10 
27 36.9N 8/10/47 1 130 00069 4 3 10 500 VI 
28 121~4w 91 140 00070 4 
33 12/28/59 1 135 00066 9 10 
34 91 133 00066 12 
41 3605N 8/6/51 1 130 00066 7 20 10 406 V 
42 121.2W 91 130 00066 10 
50 3700N 6/22/47 1 130 00069 4 23 10 500 V 
51 121.8W 91 140 00071 4 
52 36.9N 10/31/51 1 130 00066 7 3 10 407 VI 
53 12104w 91 130 00066 11 
63 36.5N 10/22/49 1 131 00066 21 10 407 V 
64 121.4w 91 132 00066 
65 36.5H 7/29/51 1 130 00065 6 21 10 504 V 
66 121.2W 91 130 00065 8 
93 36.9N 3/28/48 l' 130 00068 11 9 10 406 V 
94 121.6w 91 140 00070 11 
95 36.8N 12/31/413 1 132 00066 7 19 10 405 VI 
96 121.7W 91 133 00066 5 
97 3609N 3/13/49 1 131 0,,066 5 13 10 407 VI 
98 12106w 91 133 00066 7 
99 36 .. 8H 7'/6/47 1 130 0~069 4 6 10 V 
100 1210hw 91 140 00070 4 
101 3609N 3/28/48 1 130 00068 11 9 10 
102 12106w 91 140 00070 11 
103 ~~/18/48 1 130 00068 11 10 
104 91 140 00070 11 \0 
0\ 
Trace 
Noo 
11 
12 
13 
14 
21 
22 
23 
24 
37 
38 
46 
105 
106 
111 
112 
113 
114 
TABLE 60 EARTHQUAKE AND ACCELEROMETER DATA REPORTED FOR HELENA, SAN FRANCISCO, EUREKA,? AND OLY:MPIA 
Epicenter Date of Instrument Instrument Irts-tru- Instrument Epicentral Depth Richter Modified 
location Earth- Component Sensitivity ment Damping Distance Magnitude Mercalli 
quake Period Ratio b. h M Intensity 
(Degrees) (mrn./g) (sec) (miles (miles) 
450lN 10/31/35 90 269 0.101 10 3 5 6.0 VIII 
11200W 0 257 0.098 13 
45"lN 10/31/35 90 269 00101 10 3 5 V - VI 
1120 OW 0 257 0.098 13 
45.lN 11/28/35 0 257 00098 13 3 5 VI - VIr 
112. OW 90 269 0.101 11 
45.1N 11/28/35 0 257 0.098 13 3 5 VI ~ VII 
112.0W 90 269 00101 10 
45.1N 12/23/40 90 206 0.102 10 3 5 V - VI 
112.0W 0 197 0.099 12 
l t 5·lN 2/13/36 0 257 00098 13 3 5 V 
112.0W 
3/22/57 10 171 00075 8 7.8 7 5 .. 3 VII 
100 181 00078 10 
4o.47N 12/21/54 79 133 00066 10 14 10 6.6 VII 
123·52W 169 135 00067 12 
41.D~ 4/13/49 176 187 0.077 9 10 44 701 VIII 
122.7W 86 191 00080 9 
\0 
-l 
I· 
" 
Era 
Cenozoic 
Mesozoic 
Paleozoic 
TABIE 7 
AGE OF ROCKS FOR SPECIFlED GEOLOGICAL PERIons 
Period 
Pleistocene 
Pliocene 
Miocene 
Oligocene 
Eocene 
Cretaceous 
Jurassic 
Triassic 
Permian 
Pennsylvanian 
Mississippian 
Devonian 
Silurian 
Ordovician 
Canadian 
Ozarkian 
Upper -Middle Cambrian 
IDwer Cambrian 
Age (x 106 years) 
1 
16 
26 
35 4; 
93 
152 
175 
192 
220 
245 
284 
355 
390 
415 
4ltO 
490 
515 
98 
TABLE 8 
REPRESENTATIVE SPECIFIC DENSITIES OF MATERIALS 
FROM BIRCH (34) 
Type Material Age P (dry) 
Arenaceous lDess Recent 1001 
Silt Recent 1036 
Alluvium Recent le 54 
Sand Tertiary 1080 
Sandstone Averaged 2025 
Argillites Clay Averaged 1093 
Shale Averaged 2018 
Carbonates Limestone Averaged 2046 
Dolomite Averaged 2054 
Marble Averaged 2076 
Igneous Granite Averaged 2065 
99 
P (sat) 
1062 
1086 
1097 
2014 
2042 
2020 
2033 
2059 
2063 
2076 
2065 
TABLE 9. SUMMARY OF EXPERD1ENTAL VALUES FOR ATTENUATION FACTOR FOR SOIL AND ROCK 
Reference Material Wave Grain Size Pore Filler Porosity Test Attenuation 
Type Frequency 0: 
Range (x 10-3 sec/ft) (micron) % (cps) 
36 sand P 350 - 650 water ,., 26 Oo5-105x10 6 oCaf2 
menn = 450 a > b 
36 sond p 70 - 300 water 
- 26 Oo5-105xlO 6 oc bf2 
mean = 180 
34 miscellaneous P in situ lo7f 
soils 
31 fine silt to P l6 - 1000 water 22-3lxl03 cf2 
coarse sand 
38 weathered P-s in situ o - 900 Oo12f 
sandstone 
35 sandstone P air 100 - 1000 Oo0092f 
38 shale P in situ o - 600 Ooo14f 
38 shale S in situ o - 600 Oollf 
35 shale P air 100 ~ 6000 Oo0041f 
39 shale p-s 150 air 2-605xlO 6 OoOOSf 
40 limestone P 9 air 2086 205-15XI06 Oooo16f 
40 limestone S 9 air 2086 6 OoOO17f 205-15xlO 
40 limestone P 18 air 0001 6 OoOOOlf 205-15xlO 
40 limestone S 18 air 0001 6 OoOOO?f 205-15xl0 
40 limestone P mean == 41 air 0 6 OoOO08f 205'-15xlO 
39 limestone p-s 50 air 2-605xI06 Oo005f 
35 limestone P air 100 - 1000 00004f 
(continued) I-' 
0 
0 
TABLE 90 SUMMARY OF EXPERIMERIMENTAL VALUES FOR ATTENUATION FACTOR FOR SOIL AND ROCK (Continued) 
Reference Material Wave Grain Si:~e Pore Filler Porosity Test. Attenuation 
Type Frequency a 
Range 
(x 10-3 sec/ft) (micron) % (cps) 
39 Dolerite p-s - 280 air 2-605xlO 6 00009f 
39 Marble p~s - 200 air 2c~6o 5x10 6 Oo007f 
40 Calcite P 0 
. 6 
205-15x10 .... OoOOf 
39 Gneiss p~s - 300 air 
--6 
2-605xlO OoOlf 
34 Granite S air 180 - 1200 202x10-3f 
(1 Atmo) 
34 Granite S air 180 .- 1200 lo6xlO~3f 
(200 Atmo) 
34 Granite S air 180 - 1200 -4 lo8x10 f 
(4000 Atmo) 
~ 
o 
~ 
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TABLE 10 
CONSTANTS P AND Q FOR THE EQUATION log10 E = P + QM 
[Values and reference citations reported in Gutenberg (23)] 
p Q 
5 .. 0 200 
800 200 
1103 108 
1200 1.8 
90154 20147 
1107 106 
900 2.0 
9.4 108 
10 16 1087 
, Average 9040 1089 
103 
TABLE 11 
LEABT SQUARES COMPUTATION OF I = a Eb r C 
I = V I = V (002 < T < 300 sec) 
max o --
Location a b c a b (! 
in/sec in/sec 
Hollister 10lxl0-5 00285 -0037 304x10-5 00230 00029 
Ferndale 6 -4 20 xlO 00297 -1050 107x10 -2 00400 -3.,99 
El Centro 304xl0 -6 00374 -1038 608xlO-7 00405 ~lQ24 
Average 00318 -1008 00345 -1065 
Average b for both I = V and V = 00332 
max 0 
Average c for both I = V and V = -1037 
max 0 
104 
TABLE 12 
Sill1MARY OF EXPO:NENTIAL VALUES IN THE 
. b c 
EQUATION, I = K E r 
Method Source b c 
Theory Geometrical 
Divergence 
Shear Couple -1 for large r 
Sezawa -1 for large r 
Sharp -1 for large r 
Absorption f(,iT) 
Curvature < 0003 
Small fault surface < 00500 
Large fault surface < 00333 
Minimum value > 0025 
Observation Kanai 00323 -3 to -1073 
Gutenberg 00447 -1044 
Dimensional 
Analysis 00333 -1 
Least squares all V 00318 -1006 
max 
all V 00342 -1068 
0 
TABLE 130 RESULTS OF INTERGRATION AND SPECTRAL ANALYSIS FOR EL CENTRO 
- -Trace Maximum Maximum MaXimum Hausner V VI V2 Record* -No. Acce1era- Velocity Displace- Intensity 0 Re1ia~ - V (Il\r=1 ) (IDrr=l) (~=1) 0 tion ment I{3 bi1ity V max 
a V A (0.2 < T < 3.0 sec) 0.2< T< 3.0 002< T< 1.0 ·100< T< 300 
max max max 
(gL {inLscc2 (1nrh'~s2 ( lr./ !1(~C x sec) 
1A 0,,332 1G.~ 11 . () (/)'.) 24.15 24.90 24.71 A 1048 
2A 00 2~~2 11.h ~,. 0 ~ 1.~) JJ3·50 15·15 19090 A 1062 
3A 00172 6.1 7 7 ,).,) lU.D 6·7 9068 5053 A 1010 
4A Oe182 4.9 2.8 H3.6 60{ 9.82 5.85 A 1037 
7 0.038 0. 11.5 0.10 1.47 0.53 1002 0.32 C 1018 
8 00100 0·91 0.10 1.71 0.61 0092 0049 C 0067 
9 00062 1050 0.20 7·5 2.68 2090 2058 A 1.79 
10 0.045 2035 0060 804 2093 2053 3019 A 1025 
29 Oe035 1090 0.35 905 3035 3030 3045 A 1076 
30 0.054 2.60 0060 1401 4085 4.37 5030 A 1086 
35 0~080 2000 0050 601 2011 3015 1085 A 1006 
36 0.084 1020 0025 609 2039 2062 2038 A 1099 
54 00042 2070 0065 708 2079 2087 2070 A 1.03 
61 00033 10:20 0·30 507 2006 2037 1090 A 1072 
62 00026 1070 0026 7.0 2039 2087 2035 A 1041 
71 0.027 1.00 0.25 409 1071 1075 1075 A 1071 
72 00024 1000 0.20 5·3 1084 2037 1070 A 1084 
73 0.024 1050 0.42 505 1095 1081 2005 A 1030 
74 0.029 0095 0·30 5·5 1094 2000 1094 A 2004 
75 o. cn6 0.40 0.06 1002 0037 0057 0.28 B 0092 
76 0.015 0·35 0005 1.44 0051 0083 0038 A 1045 
77 00015 0045 0.17 2.93 1004 0079 1014 A 2.32 
78 0.013 0.44 0022 2033 0083 0074 0086 A 1089 
80 0.016 0.11D 0012 2002 0074 0099 0.61 A 1085 
81 08014 0025 0.10 1000 0.36 0042 0033 A 1044 
82 0,009 0025 Oc04 0094 0034 00 )+2 0029 A ~ 
Average . 1~g 
* A = well balanced velocity and displacemento 
B = well balanced velocity onlyo f-J 
C = part of shear wave missingo 0 V1 
TABLE 140 RESULTS OF INTEGRA'l~ION AND SPECTRAL ANALYSIS FOR FERNDALE 
-- -Trace Maxinn.nn Maximum Maximum Hausner V VI V2 Record -No. Disp1ace- Intensity 0 Relia-. V Acce1era- Velocity (~~=1) (mT=l) (IDrr=1 ) 0 tion ment If) bility V 
V A max. a (0.2< T< 300 sec) 002< T< 300 002< T< 1.0 1.0< T< 3.0 max max. max 
{g} ill1/sec ) {inches} (in/sec x sec) 
1 0.113 1.9 0.25 7·0 2,.50 4.75 1.6 A 1032 
2 0.118 2.2 0·30 9.4 3.36 6.25 2.2 A 1·53 
5 0.170 2·3 0·35 7·3 2.60 5052 1.44 A 1.13 
6 0.110 2.4 0.35 8·3 2·97 4·57 2.22 A 1.24 
17 0.165 14.1 7.50 67018 24.00 11.84 28.85 A 1065 
18 0.209 10.5 3·00 45·79 16.4 12092 17·72 A 1.57 I;' 
25 0.063 I. ~~ 0.20 6.05 2016 2.81 1·90 A 1.80 
26 0.040 1.0 0.15 5.67 2.02 2.17 1.97 A 2.02 
31 0.123 1.9 0·50 8.05 ~~. 88 4.42 2.25 A 1.52 Ii 32 0.094 2·5 0.40 9~ 50 ;1040 5.56 2·52 A 1.48 
39 O. 01~1 1.75 0.30 8051 ;1.03 3.20 2·97 B 1.73 
40 0.049 1.:50 0·32 5·55 1.97 2.87 1.62 A 1·52 ,; 
48 0.056 2 .. 50 0.70 9.66 ;>.45 3.67 3.36 A 1038 
49 0.076 1.::30 0.45 8.62 :) 0 08 3·84 2077 A 1.71 
55 0.035 0·75 0.40 2.48 0.89 0089 0.88 c 1.19 
56 0.077 1.20 0.10 2063 0094 1.94 0.54 c 0.78 
59 0.111 1.15 0.15 3·13 1.12 1.92 0.79 C 0.97 
60 0.072 1.45 0.22 2·79 .1.0 1·71 0.71 C 0.69 , 
67 0.034 0.85 0.12 3·31 1018 1·79 0 .. 94 A 1·39 
68 0.041 1.55 0·35 4.94 1.76 2.46 1.48 A 1.14 
69 0.043 0.45 0.05 I. l~ 0.50 0.96 0·31 A 1.11 
70 0.032 0.42 0.05 1·32 0.48 0·90 0.34 A 1014 
83 0.044 0.95 0.20 2.75 0.98 1081 0.65 C 1.03 
84 0.038 0·,55 0.08 2013 0.77 1·37 0·51 c 1040 
85 0.041 1 .. 11 0.12 2094 1.04 1091 0·70 A 0.94 
C6 0.029 0 .. 50 0.07 2.27 0081 1·31 0.61 A 1062 
87 0.010 0 .. 30 0.04 1043 0·51 0.60 0047 A 1070 
88 0.019 0,,35 0.08 1046. 0·52 0084 0039 A 1.49 
89 0.019 0·35 0.10 1077 0063 0·99 0.49 A 1080 
90 0.018 0·50 0010 2022 0·79 1.10 0007 A 1058 
01 0.020 0·35 0007 1022 0044 0062 0036 A 1026 
)'2 0.013 0.)0 0005 1,,31 0047 0082 00)2 
-.h216 Average_ 
_ 1039 0\ 
Trace 
Noo 
3 
4 
15 
16 
19 
20 
27 
28 
33 
34 
41 
42 
50 
51 
52 
53 
63 
64 
65 
66 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
TABLE 150 RESULTS OF INTEG.RATION AND SPECTRAL ANALYSIS FOR HOLLISTER 
Maxilnum Maximum Maximum Housner V 
o Accelera- Velocity Displace- Intensi,ty 
tion rnent Ir3 (Il\r==1) 
V1 
(II\r==1 ) 
0.2< T< 1 0 0 
V2 
(~==1) 
1.0< T< 3.0 
Record 
Relia--
bility 
v 
o 
V 
max 
arnax Vrnnx Amnx (0.2< T< 3.0 sec) 0.2< T< 3.0 
(g) (in/sec) (inclu~g) (in/sec ~c~f;_ec-.J)~ _________ . _______________ _ 
0 0 128 3.00 O.l~O 9.8~) 
00159 3000 0.1~0 11.14 
0.047 1055 0020 505~~ 
00050 1.40 0015 5.71 
0.042 1.05 0.15 4.63 
0.041 1.78 0.30 6088 
0.071 1.00 0.10 2.08 
0.081 1~70 0035 4.37 
0.028 00{0 0.10 2.29 
0.042 0.65 0.10 2.29 
0.029 0.80 0.06 2.44 
0.062 1.30 0025 3069 
0.041 1.00 0.22 3077 
0.025 0.86 0.15 3032 
0.016 0045 0.10 1.68 
00038 0.75 0010 2051 
0.015 0030 0.10 1.50 
0.013 00)0 0.10 1056 
00017 0.35 0.05 1054 
00026 0045 0.06 1091 
0.015 0060 0.07 1.86 
0.014 0.38 0.06 1018 
0.017 0055 0.06 2011 
00016 0055 0.12 3019 
0.016 0.25 0<035 0.99 
0.025 0.35 0005 1.28 
0.015 0.45 0.15 1.87 
0.010 0.35 0005 1.18 
0.010 0.17 0.04 0.82 
0.012 0.20 0.04 0089 
0.014 0018 0.03 0075 
00016 0029 0.07 1014 
3052 
3090 
1.97 
2.04 
1065 
2046 
0.74 
1.56 
0.83 
0.83 
0087 
1032 
1·35 
1018 
0060 
0090 
0.54 
0056 
0·55 
0068 
0068 
0.42 
0.97 
1014 
0.36 
0046 
0067 
0063 
0.29 
0032 
0027 
0040 
7·39 
6.01 
3·52 
3.45 
2071 
1013 
1039 
2081 
1042 
1036 
1056 
2·51 
2.02 
1056 
0097 
1049 
0085 
0074 
0067 
0092 
1002 
1006 
1.19 
1.22 
0.72 
0086 
loll 
0085 
o. l~ 
0059 
0.49 
0·53 
1.97 
3.13 
1.35 
1.47 
1023 
2.30 
0048 
1.06 
0·57 
0060 
0·59 
0.84 
1007 
1003 
0045 
0066 
0041 
0048 
0050 
0058 
0052 
0057 
0088 
1.10 
0020 
0029 
0049 
0.54 
0022 
0020 
0017 
0035 
A 
A 
A 
A-
A-
A 
C 
C 
B 
B 
A 
A 
C 
C 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
A 
A 
A 
A 
A 
A 
. ________________________________________ ~ ____ ~ ____ ~ __ ~ __ ~ ____ ~~Av,erage 
1017 
1030 
1027 
1046 
1057 
1.38 
0.74 
0092 
1.19 
1028 
1.08 
Oc99 
1035 
1.37 
1033 
1020 
1080 
1087 
1057 
1051 
1013 
1010 
1076 
2.07 
1.44 
1031 
1049 
1080 
1070 
1.60 
1050 
~_~6 
1036 --J 
TABLE 16. RESULTS OF INTEGRATION AND SPECTRAL ANALYSIS FOR 
BELENA,9 SAN FRANCISCO J EUREKA,9 AND OLYMPIA 
Trace l-iaximum Maximum Maximum Housner V VI V2 Record V No. Accelera- Velocity Displace- Intensity 0 Relia-- 0 
tion ment 113 (~~l) (II1rr=1) (I1\r=1) bility V 
V A max a (002< T< 3.0 sec) 002< T< 300 002< T< 100 100< T< 300 max max max 
(g) (in/sec) (inches) (in/sec x sec) 
11 0.160 6060 2.90 24.5 8055 7.60 8.78 A 1,,27 
12 0.132 2050 1040 9·0 3016 3.87 2.86 A 1.26 
13 0.041 0080 0035 2.6 0091 0.86 0095 A 1014 
14 0.061 0045 0006 100 0035 0066 0.20 A 0.78 
21 0.120 1030 0.80 3·3 1016 1056 1.01 B 0089 
22 00072 1055 0.40 2.8 0.98 1026 0.S4 A 0063 
23 00067 0032 0015 1.2 0042 0.61 0036 A 1031 
24 0.074 0.65 0.23 106 0056 1.10 0035 A 0.86 
37 0~066 1,,50 0040 303 1016 1068 0·92 A 0077 
38 00075 0090 0022 200 0070 0097 0·57 A 0.78 
46 00010 0023 o.oS 006 0021 0028 0019 A ~ 
Average 1000 
105 0.106 2035 2030 6.9 2046 2017 2050 A 0088 
106 0.129 1.68 0049 404 ;1.0 57 2068 1005 A 1005 
ill 0.271 13000 7·00 4107 1409 16045 14.25 B 1014 
112 0.177 12·50 10.00 41096 14090 1004 1605 A 1019 
113 0.186 8,,10 101 35014 12050 10·7 1300 A 1.54 
114 0.210 8027 3·00 38.6 1308 12095 14.1 A 1067 
Ir :~'-f 
o. \l-{ [;. )(1 \&·21 E E;A.l .1 C, » ,J 'I It -0",:; p;l //-,',' l I c-JC"J C5 -J ~ t c0 c ',J ;.,. ,-, I I ?~:::c·":./ //1 l~J,l. r!,::' ~. - . ,s:v). //,' ..... " ,', / 
, I 
.;,1:;/ .. '57-
I--' 
0 
CP 
TABLE 170 DERIVATION OF (DAF) \a;rITH HOUSNER'S (24) DATA 
s 
Accelerograph Date of Average Average Bcaling Housner 
Site Earthquake I * It3* Factor (DAF) (DAF) t3 s s 
t3 == 0 ~ 00 t3 == 0020 ~=0000 13=0020 
Helena 10/31/35 1082 1002 1 1 1 
San Francisco 
Golden Gate 3/22/57 0084 0049 6046 2098 3010 
State Bldgo 3/22/57 1012 0058 7.80 3098 4044 
Alexander Bldgo 3/22/57 0048 0028 8035 2021 2029 
Sou~ Pac. Bldgo 3/22/57 1022 0048 90 02 6004 4025 
Oakland 3/22/57 0038 0020 14028 2098 2081 
El Centro 5/18/40 8034 2071 1008 4094 2<87 
El Centro 12/30/34 5088 2009 3019 1003 6052 
Ferndale 2/9/41 1010 00 ItO 9082 5093 3085 
Ferndale 10/3/41 2099 1041 8050 1400 1108 
Ferndale 9/11/38 1045 0064 6000 4078 3076 
Hollister 3/9/49 2036 1027 14000 1802 1704 
Olympia 4/13/49 5082 2021 3054 1103 7065 
* Where 001 < T < 205 second.s, and S is in feet/second 0 
- - v 
Wiggins 
(DAF)s (DAF}s 
V V 
max 0 
1 1 
2086 2022 
3028 3093 
3085 3065 
2038 3051 
3084 4025 
3010 2086 
9022 8088 
6035 7096 
J-1 
o 
\0 
llO 
J l 
--~~~~~~~~ Ii ~ 
y(t) 
(a) 
n-2 n-l n 
" y(t) (b) 
FIG. 1 REPRE3ENTATION OF A STRUC'IURAL SYSTEM (a) BY A 
SPRING-MASS SYS~ (b) • 
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(b) 
m 
n-2 m n-l m n 
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n. 
FIG. 2 ANALYSIS OF A SD1PLIFIED STRUC'ruRE (a) BY SUMMING 
THE FORCES ACTING ON EACH MASS (b) 
111 
x 
r 
" y(t) 
( a.) 
-... 
'-'" 
:>. 
S 
I 
• 
-.. 
-~ t 
FIG. 3 DAMPED SINGLE-DEGREE-OF-FREEOOt-f SYSnN (a.) S~TED 
'ID ARBITRARY TDiE DEPENDENT GROUND ACCELERATION (b) 
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FIG. 4 UNBAIANCED (a.) AND BALANCED (b) PARTICLE VELOCITY INTEGRATED 
FROM HOLLISTER ACCELEROGRAM NO. 4 
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FIG. 5 THE BALANCED AND UNBALANCED SPreTRA FROM 
HOLLISTER ACCELEROGRAM NO. 4 
114 
115 
llt;O 
03/19/51 
0 8/ 15/ 45 
8.1/23/51 
7/2!9/50 · 0 12/16/55 
0 10/2J./42 
6/13/5"5)04/12/33 
E9 E1 Centro 
- -I- --
--
-
--= -California. _ - - o 5/18/40 
-
-
---Mexico 
0 12/30/34 
( 
o J./31/54 V No. ,1 and 2 
~ 
~ 
~ 
o 2/9/56 
10 P 10· 20 ;Q 40 
II 1111111' J I I I i 
Scale in miles 
(. ) 1l/12/54 
FIG. 6 EPICENTRAL IDCATIONS OF EARTHQUAKES REI:ORDED AT EL CENTRO 
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FIG. 8 EPICEN'mAL IDCATIONS OF EARTHQUAKES IID::ORDED AT HOLLISTER 
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FIG. 10 A SINGLE ElASTIC IAYER OVERLYING A SEMI-INFmlTE ELASTIC 
MEDIUM OF DIFFERENT PROPERTIES . 
119 
,-.. 
..p 
d (!J 
CJ 
$.c 
& 
-.-
~ ::1 . 
.p 
-n 
M 
i 
M 
aj 
on 
.p 
on 
s:2 
H 
'--~ 
E 
oM 
M 
~ 
~ 
to 
~ 
.p 
CJ 
Q) 
~ 
.G.l 
~ 
10 
100 
I 
I 
I 
1000 
Wave Length (teet) 
FIG. 11 REFLEX:TION RATIO VERSUS WAVE LENGTH FOR 
A SANDS'IDNE DERIVED FROM THE EQUATION A/A
o 
= [H/(H+:\/lO)] (eA1!( -Or/).)]. 
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FIG. 12 TRANSMISSION RATIO AND. RATIO OF TRANSMITrED 'ro 
REFUX:TED AMPLITUDE VERSUS WAVE LENGTH 
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FIG. 14 {a} SH VELOCITY LOG OF EL CENTRO, AND (b) SH VELOCITY IJJG OF HOLLISTER, f-' 
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FIG. 49 AVERAGED AND NORMALIZED SPE:!TRA roR TRACES 17 AND 18( a) , 
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FIG. 54 AVERAGED AND NORMALIZED S~TRA FUR TRACES 3 AND 4( a) , 
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. FIG. 57 AVERAGED AND NORHALlZED SP]l;mA FOR TRACES 52 AND 53(a.), 
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FIG. 58 AVERAGED AND NORMALIZED SIElEA FOR TRACES 65 AND 66( a) , 
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